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ABSTRACT
Seismic Performance Comparison of a Fixed-Base
versus a Base-Isolated Office Building
Nicholas Reidar Marrs

The topic of this thesis is base isolation. The purpose of this thesis is to offer a
relative understanding of the seismic performance enhancements that a typical 12-story
steel office building can achieve through the implementation of base isolation
technology. To reach this understanding, the structures of a fixed-base office building
and a base-isolated office building of similar size and layout are designed, their seismic
performance is compared, and a cost-benefit analysis is completed. The base isolation
system that is utilized is composed of Triple Friction Pendulum (TFP) bearings.
The work of this thesis is divided into four phases. First, in the building selection
phase, the structural systems (SMF and SCBF), layout, location (San Diego, CA), and
design parameters of the buildings are selected. Then, in the design phase, each structure
is designed using modal response spectrum analysis in ETABS. In the analysis phase,
nonlinear time history analyses at DBE and MCE levels are conducted in PERFORM-3D
to obtain the related floor accelerations and interstory drifts. Finally, in the performance
assessment phase, probable damage costs are computed using fragility curves and FEMA
P-58 methodology in PACT. Damage costs are computed for each building and seismic
demand level and the results are compared.
Keywords: base isolation, Triple Friction Pendulum (TFP), seismic performance, nonlinear time history analysis, ETABS, PERFORM-3D, PACT, fragility curve, FEMA P-58
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1.0 INTRODUCTION
The topic of this thesis is base isolation. Base isolation is a proven technology for
the seismic design of structures. The system reduces the likelihood of structural and nonstructural damage to a building subjected to seismic forces. As a result of the use of base
isolation, lives and property have been saved.
Base isolation technology is used primarily in critical facilities such as hospitals,
museums, and emergency response centers, where the benefits of protecting the structure
and its property from seismic damage far exceed the cost of implementing the system.
However, despite base isolation’s proven benefits, the technology is underutilized.
Although tall, flexible, and non-critical facilities such as office buildings are not the most
ideal candidates for base isolation, they may still achieve an optimal seismic design by
using the technology. Therefore, in order to increase the quality and prevalence of baseisolated structures, there is a need to study the technology’s seismic performance
enhancements and cost effectiveness for projects on which the system is infrequently
used.
1.1 Purpose
The purpose of this thesis is to offer a relative understanding of the seismic
performance enhancements that a typical 12-story steel office building can achieve
through the implementation of base isolation technology. To reach this understanding,
the structures of a fixed-base office building and a base-isolated office building of similar
size and layout are designed, their seismic performance is compared, and a cost-benefit
Seismic Performance Comparison of a Fixed-Base versus a Base-Isolated Office Building
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analysis is completed. To a greater extent, this study demonstrates the feasibility and cost
effectiveness of implementing base isolation on tall, flexible, and non-critical structures.
As a result of this thesis, building owners and construction industry professionals can
recognize the benefits of implementing base isolation on a wider range of projects,
thereby creating the potential for a significant increase in the technology’s use.
1.2 Scope
This study analyzes a fixed-base and a base-isolated 12-story steel office building
for an assumed San Diego location. The superstructure of each building has a lateral
system composed of special moment frames (SMF) in the longitudinal direction and
special concentrically braced frames (SCBF) in the transverse direction. Also, Triple
Friction Pendulum (TFP) bearings are used for the isolation system in the base-isolated
structure. The seismic performance of each structure is analyzed and compared for both
design basis earthquake (DBE) and maximum considered earthquake (MCE) seismic
demand levels. 7 ground motions are scaled to each seismic demand level to perform
nonlinear time history analyses on both structures. The resulting floor accelerations and
interstory drifts are used to determine the levels of structural and non-structural damage
inflicted on each building. A cost-benefit analysis is then performed, which takes into
account the cost of the isolation system and the damage costs of the structures and their
components.

Seismic Performance Comparison of a Fixed-Base versus a Base-Isolated Office Building
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1.3 Overview of Procedure
The procedure of this study is divided into 4 phases, which are briefly described
below:
1. Building Selection Phase


Building layout selected



Structural and isolation systems chosen



Project site selected

2. Design Phase


Lateral systems of fixed-base and base-isolated structures designed



Isolation system designed



Code used: ASCE 7-10



Method: modal response spectrum analysis run in ETABS

3. Analysis Phase


Maximum floor accelerations and interstory drifts analyzed



Structural performance analyzed via plastic hinge deformations (at
Immediate Occupancy, Life Safety, and Collapse Prevention
levels)



Method: nonlinear time history analysis run in PERFORM-3D



Ground motions: 7 records scaled to DBE and MCE levels

4. Performance Assessment Phase


Damage costs computed in PACT



Method: fragility curves and FEMA P-58 procedures and data used



Cost-benefit analysis of implementing base isolation completed

Seismic Performance Comparison of a Fixed-Base versus a Base-Isolated Office Building
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2.0 BACKGROUND
This section introduces background knowledge that is relevant to this study.
2.1 Fundamentals of Base Isolation
Base isolation technology
works by separating or greatly
reducing the lateral movement of
a building’s superstructure from
the movement of the
ground/foundation during a
seismic event. To allow for this
difference in lateral movement
while still supporting the weight
of the superstructure, base
isolation bearings are designed to
be very flexible laterally while
being stiff vertically. This base
condition is in contrast to a

Figure A: Fixed-Base vs. Base-Isolated Building
Source: Nelson 2010

typical fixed-base structure, in which the connections between the superstructure and its
base/foundation are rigid and translation of the superstructure is resisted in all directions.
The difference between these two base conditions is illustrated in Figure A above. The
ultimate purpose of a base isolation system is to reduce the seismic forces exerted onto a
building’s superstructure. This reduction in seismic forces is achieved in part by
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reducing the superstructure’s spectral accelerations. These accelerations are reduced both
by increasing the effective fundamental period of the isolated structure and through
damping caused by energy dissipated within the isolation bearings. The effect that both
of these approaches have on spectral acceleration is shown in Figure B below.

Figure B: Effect of Seismic Isolation on Spectral Acceleration
Source: Symans 2003
The effective period of the superstructure is increased due to the reduced lateral
stiffness of the isolation system. Base isolation is most effective in stiff structures with
small periods. The period and stiffness of a structure are inversely correlated, as shown
by Equation 1 below:
Eq. 1
Where:

T = Period [sec.]
M = Mass [kips-sec.2/in.]
K = Stiffness [kips/in.]
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Damping occurs via energy dissipated by the partially restricted movement (and
resulting nonlinear behavior) of the seismic isolation bearings, usually through inelastic
deformation or friction. In the case of sliding isolation bearings, which are the type used
in this study, friction is the force that causes energy dissipation. The friction force of
sliding isolation bearings will be discussed in further detail in the next section. The
amount of energy dissipated by an isolation bearing is determined by the area of the loops
resulting from tracing the nonlinear force-displacement behavior of the bearing. This
behavior for a typical cycle of loading of an isolation bearing is illustrated in Figure C
below.

Figure C: Nonlinear Force-Displacement Relationship of Isolation Bearings
Source: Symans 2003
The area of the loop (Eloop) is equal to the amount of damping or energy dissipated
in the cycle. A cycle is defined as the movement of the bearing from a given maximum
positive displacement (Δ+), to maximum negative displacement (Δ-), and back to Δ+; or
vice-versa. The damping ratio (βeff) is based on Eloop and the effective stiffness (Keff) of
the cycle. The equations for calculating βeff and Keff are given in Figure C above, and
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they can also be found in Chapter 17 of ASCE 7-10. These effective properties are used
to design the isolation system and determine parameters such as the effective period of
the isolated structure. The design of the isolation system used in this study is discussed
in section “4.0 Design Phase.”
2.2 Friction Pendulum (FP) Bearings
The type of base isolation technology that is used in this study is the Triple
Friction Pendulum (TFP) bearing. It is a more advanced modification of the single
Friction Pendulum (FP) bearing. Both of these bearings are sliding type bearings, and
they were each developed by Earthquake Protection Systems (EPS).2 Pictures of the TFP
and FP bearings are shown in Figures D and E below.

Figure D: Triple Friction Pendulum Bearing
Source: EPS 2011

2

Figure E: Friction Pendulum Bearing
Source: EPS 2011

EPS can be reached at the company’s website, www.earthquakeprotection.com
Seismic Performance Comparison of a Fixed-Base versus a Base-Isolated Office Building

2.0 BACKGROUND 8
To make TFP bearing isolation technology easier to understand, this thesis will
first describe the FP bearing. A cross-section of the FP bearing is shown in Figure F
below.

Figure F: Cross-Section of Friction Pendulum Bearing
Source: Okamura and Fujita 2007
A FP bearing is composed of a slider body which slides across a spherical
concave surface. The slider body has a bearing material which is attached to a friction
slider. The bearing material is usually made out of polytetrafluoroethylene (PTFE)
plastic, more commonly known by the brand name Teflon. The spherical concave
surface is made out of stainless steel. This curved surface induces a natural restoring
force that re-centers the slider to its original position. A vertical restrainer is located at
the circumference of the curved surface to restrict sliding in rare seismic events. The
friction force needed to cause sliding (Ff) is a function of the vertical load on the bearing
(W) and the coefficient of friction (μ). The coefficient of friction is determined by the
interaction between the bearing material and the stainless steel of the spherical concave
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plate. The coefficient of friction controls the level of damping or energy absorbed by the
bearing. The radius of curvature (R) of the spherical plate determines the effective period
(Teff) of the bearing, and thus the period of the isolated structure (Okamura and Fujita
2007). Equations 2 and 3, shown below, illustrate the determination of Ff and Teff:
Eq. 2
Where:

= Friction force [kips]
μ = Coefficient of friction
W = Vertical load on bearing [kips]

Eq. 3
Where:

= Effective period of bearing [sec.]
R = Radius of curvature [in.]
g = Gravitational acceleration

Note that Equation 3 is an estimation that assumes a frictionless surface in order
to calculate Teff. The equations to find the actual effective periods (taking into account
the effective stiffness and therefore friction) can be found in Chapter 17 of ASCE 7-10.
EPS produces concave plates with standard radii of curvature. Currently, the
sizes available for the radius of curvature R include: 39, 61, 88, 120, 156, and 244 inches.
EPS also states that the standard values for the bearings’ dynamic coefficients of friction
range between 0.03 – 0.12 (EPS 2003).
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2.3 Triple Friction Pendulum (TFP) Bearings
The Triple Friction Pendulum (TFP) bearing differs from the single Friction
Pendulum (FP) bearing in that there are 3 friction pendulum mechanisms existing in each
bearing instead of just 1 mechanism. These mechanisms are activated at different stages
as the seismic demand gets stronger. The 3 mechanisms are achieved by using 4 concave
surfaces in a single bearing, with sliding occurring on two of the surfaces at a given time.
An image of the TFP’s disassembled parts and a cross section of a TFP bearing are
shown in Figure G below and Figure H on page 11, respectively.

Figure G: Disassembled Triple Friction Pendulum Bearing
Source: EPS 2011
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Figure H: Triple Friction Pendulum Bearing Cross Section
Source: Fenz and Constantinou 2007
Usually the two inner concave surfaces have the same values for their coefficients
of friction (μ2 = μ3) and radii of curvature (R2 = R3). The outer concave surfaces may
have different μ and R values from each other, although it is not uncommon for the same
values to be used. For this case study, it is assumed that μ1 = μ4 and R1 = R4. The plates
are designed such that the coefficients of the friction of the inner slide plates are lower
(μ2 = μ3 < μ1 = μ4), thus allowing sliding to begin with them. The inner slide plates are
also designed with smaller radii of curvature (R2 = R3 < R1 = R4), causing the effective
stiffness of the inner plates to be larger, which is ideal for service level earthquakes.
Sliding is designed to occur on the outer plates when their larger friction forces are
reached at design basis earthquake (DBE) and maximum considered earthquake (MCE)
levels, resulting in lower bearing displacements. The larger radii of curvature of the outer
plates cause a larger effective period, which reduces lateral forces exerted onto the
superstructure.
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In order to calculate the effective period of a given pendulum mechanism of the
TFP bearing, the effective radius of curvature must be calculated. Since the effective
radius of the pendulum mechanism equals the sum of both effective radii of the activated
slide plates, the effective radius of curvature of each slide plate must first be calculated.
For instance, for slide plate 2 the effective radius would be equal to Equation 4 below:
Eq. 4
Where:

= Effective radius of slide plate 2 [in.]
= Radius of slide plate 2 [in.]
= Height of slide plate 2 [in.]

The effective radius of the inner pendulum would then be equal to Equation 5 below:
Eq. 5
Where:

= Effective radius of inner pendulum [in.]
= Effective radius of slide plate 2 [in.]
= Effective radius of slide plate 3 [in.]

Finally, the effective period can be found by Equation 6 as follows:
Eq. 6
Where:

= Effective period of inner pendulum [sec.]
= Effective radius of inner pendulum [in.]
g = Gravitational acceleration

The effective radius and effective period of the outer pendulum mechanism may be found
in the same manner as shown above.

Seismic Performance Comparison of a Fixed-Base versus a Base-Isolated Office Building

2.0 BACKGROUND 13

Figure I: Sliding Regime Force-Displacement Relationship of TFP Bearing
Source: Fenz and Constantinou 2007
The force-displacement relationship of the inner pendulum mechanism and outer
pendulum mechanism are shown in Figure I above. Note how the stiffness of each
mechanism is related to the weight on the bearing (W) and the radii of curvatures of the
activated concave surfaces. Also note how each mechanism is activated once the friction
force of its sliding plates is reached. The stiff, small displacement service level event
(SLE) behavior of the inner pendulum mechanism is shown in relation to the flexible,
large displacement (DBE and MCE) behavior of the outer pendulum mechanism. Note
that a third mechanism could be designed specifically for the MCE level by using
different R and μ values for each of the outer plates. The ability to have multiple
mechanisms in a single bearing and design each mechanism for a given seismic demand
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level is the primary benefit of using TFP bearings. Also, using multiple concave plates in
a bearing instead of a single-plate FP bearing reduces the total required bearing
displacement, which decreases the size of each bearing and reduces cost. Another benefit
is that compared to lead-rubber bearings, TFP bearings have superior performance at
service level (43-year return period) earthquakes due to their ability to be engaged and
utilized at low coefficient of friction values.
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3.0 BUILDING SELECTION PHASE
The first phase of this study was the building selection phase. The purpose of this
phase was to determine the type of building that would be designed and analyzed,
including its structural systems, layout, isolation system, and site location.
3.1 Site
A San Diego location was chosen for the project site, as shown in Figure J below,
because 7 sets of ground motion records were already selected and scaled for the location
from a previous project. These records were subsequently used for the nonlinear time
history analyses in this study. The site’s soil classification was assumed to be unknown.

Figure J: Project Design Site Location
Source: USGS 2012
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3.2 The Office Building
The office building that was designed and analyzed in this study was a
hypothetical 220-foot by 110-foot, 12-story steel office building. An office building was
selected because it is not a building type that is typically base-isolated, so it was an ideal
candidate to study the cost effectiveness of implementing the technology. The building
was modified from an actual fixed-base 12-story steel office building located in Los
Angeles. This particular building was chosen partly because the construction drawings
were readily available. The steel superstructure had a lateral system composed of special
moment frames (SMF) in the longitudinal direction and special concentrically braced
frames (SCBF) in the transverse direction, and the same structural systems were used for
both of the office buildings designed for this study. The modifications that were made
from the original structure’s typical floor plan are illustrated in Figure K on page 18.
These modifications include


Reshaping the floor slab/plan from partially curvilinear to fully
rectangular



Changing the brace location to make the plan more regular and to align the
center of rigidity with the center of mass



Relocating the outer gravity columns to align with the lateral system
gridlines



Using a typical floor plan layout for the roof plan layout

The only modification made to the elevations aside from those affected by the
changes noted above was removing the penthouse on the 13th floor. This change is
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illustrated in the elevations, shown in Figures L and M on pages 19 and 20, respectively.
Some characteristics of the elevations include


12 stories at 13.33 feet (160 inches) for a total building height of 160 feet



X-type brace configuration used for SCBF
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Floor Plan
Figure K: Modified Office Building TypicalFigure
K: Modified Office
Source: KPFF 2012, self-produced
K: Modified Office
Modified Office Building
d Office Building Typical
Office Building Typical
Building Typical Floor
g Typical Floor Plan
Typical Floor Plan
Floor Plan
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Figure L: Modified Office Building SMF Elevation
Source: KPFF 2012, self-produced
Note from Figure L that no modifications were made to the layout of the original SMF
elevation. The members shown were those of the prototype structure, and they were later
redesigned during the design phase of this study.
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Note from Figures L and M that the
following section types were used for the lateral
systems:


SMF
Columns: W-shapes
Beams: W-shapes



SCBF
Columns: W-shapes
Beams: W-shapes
Braces: HSS square tubes

The W-shapes were assumed to be American
Society for Testing and Materials (ASTM)
A992 steel (Fy= 50 ksi), and the HSS sections
were assumed to be ASTM A500 Grade B steel
(Fy = 46 ksi) (Table 2-3, AISC 360-05). Also
note from Figure M that the 13th story penthouse
was removed from the original SCBF elevation.
The final plan and elevations used for
this study are shown in Figures N, O and P on
pages 21, 22 and 23, respectively:

Figure M: Modified Office Building SCBF Elevation
Source: KPFF 2012, self-produced
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Source:
Plan
N: KeyFigure
Figure
N: Key
Source:selfself-produced
produced Plan
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Figure O: SMF Elevation
Source: self-produced using ETABS
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Figure P: SCBF Elevation
Source: self-produced using ETABS
3.3 Isolation System
The type of base isolation bearing that was used for the base-isolated office
building is the Triple Friction Pendulum (TFP) bearing. This bearing is a sliding-type
bearing that functions as a combination of multiple single Friction Pendulum (FP)
bearings, as described earlier in section “2.0 Background.” An isolation bearing was
placed beneath every column (including lateral and gravity systems), for a total of 32
bearings. Two variations of the TFP bearings were designed:


“flexible” bearings beneath the central columns (12 bearings total)



“stiff” bearings beneath the perimeter columns (20 bearings total)
Seismic Performance Comparison of a Fixed-Base versus a Base-Isolated Office Building

3.0 BUILDING SELECTION PHASE 24
The perimeter bearings were designed with a higher lateral stiffness than the
central bearings in order to reduce the effect of torsional isolated modes. A rigid
reinforced concrete slab was used for the isolation platform (which supported the
superstructure and rested above the isolation bearings). The slab weight was estimated
and the tributary weight acting on each bearing was accounted for, as described later in
section “4.0 Design Phase.” For the purposes of this study, only the isolation bearings
and moat size were designed. The other components of the isolation system (aside from
the reinforced concrete slab isolation platform) were not considered.
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4.0 DESIGN PHASE
In the design phase, the lateral systems of the fixed-base and base-isolated
structures as well as the isolation system of the isolated structure were designed for
gravity and seismic loads. Each structure was designed according to ASCE 7-10
standards, using modal response spectrum analysis. Both structures were modeled and
analyzed in ETABS in order to carry out the design.
4.1 Design Phase Procedure
An overview of the design phase procedure is shown below:
1. Determine design load combinations, criteria, and requirements according to
Chapters 2, 4, 11, 12, and 17 in ASCE 7-10 and AISC 341-06.
2. Generate design basis earthquake (DBE) and maximum considered earthquake
(MCE) response spectra.
3. Create the unit load take-off to determine gravity loads; calculate masses.
4. Create a structural model in ETABS using preliminary members for the lateral
system. Input mass, material properties from AISC 360-05, response spectra,
design parameters, loads, and load combinations, etc.
5. Perform the modal response spectrum analysis:


Obtain preliminary modes, interstory drifts, and forces



Verify/adjust the lateral load combinations to requirements; reiterate the
procedure above as needed

6. Design the lateral system with ETABS ‘Steel Design/Check of Structure’ tool:


Analyze and reiterate the above procedure with the new structural
members until all capacities meet the minimum force and drift demands



Repeat steps 4 and 5 until reiteration is no longer needed
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4.2 ASCE 7-10 Design Criteria
The code used for the design of the structures and isolation system is ASCE 7-10:
Minimum Design Loads for Buildings and Other Structures. The general procedure for
designing each structure involved using load and resistance factor design (LRFD) load
combinations to check the capacity of the structures for dead, live, and earthquake loads.
The following design parameters were obtained from Chapters 11 and 12 in the code:3


Idealize diaphragms as rigid diaphragms



No horizontal or vertical irregularities, ρ = 1.0



Soil Classification: Site Class D “Stiff Soil”



Seismic Design Category: D



Site Risk Category: Risk Category III – “Substantial Hazard”



Seismic Importance Factor: Ie = 1.25



Design story drift limit: Δ = (0.015)(story height)



Recommended procedure: modal response spectrum analysis

Chapters 12 and 17 of ASCE 7-10 require a design story drift limit of 0.015 for
both fixed-base and base-isolated structures, respectively. However, the base-isolated
structure in this study was designed for a stricter design story drift limit range of 0.007 0.010. This story drift limit range was recommended by Earthquake Protection Systems
(EPS) as a means to optimize the lateral stiffness and seismic performance of base3

Refer to Appendix A on page 160 for documentation of design parameter decisions
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isolated structures. As explained earlier, base isolation is most effective for short, stiff
buildings with small periods. The intent of the strict design drift limit requirement was to
keep the superstructure (structure above the isolation platform) mostly elastic, with very
minor to no yielding.
The design coefficients and factors in Table 1 below were obtained from Chapters
12 and 17 of ASCE 7-10 and were used to design the structures in this study:4
Table 1: Design Coefficients and Factors for SFRS
Source: self-produced

Note from Table 1 above that the Isolated Response Modification Coefficient (RI = 2) is
less than the fixed-base Response Modification Coefficients (R = 8 and 6). ASCE 7-10
places an upper-bound limit of 2 for RI in order to adjust the relatively lower elastic
seismic demand forces of the base-isolated superstructure to design values that are nearly
equal to or greater than those of a fixed-base structure. The intent of the relatively low
value of RI is to keep the superstructure essentially elastic for a design basis earthquake
(DBE) level event (i.e., the superstructure should incur little to no permanent deformation
from a DBE event).
4

Refer to Appendix C on page 167 for documentation of RI values
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Table 2 below shows the building mass data that were calculated and used for this
study: 5
Table 2: Floor, Roof, and Isolation Bearing Masses
Source: self-produced

Note that for simplicity the isolation platform was assumed to have the same mass
properties as all of the other floors. All of the isolation bearings had the same mass
properties since the same size was used for each bearing.
The load combinations shown in Table 3 on page 29 were determined using
Chapters 2 and 12 of ASCE 7-10 and were used for designing the fixed-base and baseisolated structures:6

5

Refer to Appendices G and H on pages 185 and 186 for documentation of building mass calculations
Refer to Appendices E and F on pages 183 and 184 for documentation of load take-off calculations, and
refer to Appendices B and C on pages 163 and 167 for load combination calculations
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Table 3: LRFD Design Load Combinations
Source: self-produced

Note: D = dead load, L = live load, Lr = roof live load, QE = seismic load

The seismic load factors shown in the lateral load combinations in Table 3 above
were used for the final design of the structures. Earlier trial factors were used and
adjusted as the members of the structure were redesigned, the structure’s modal behavior
and resulting base shears obtained from modal response spectrum analysis changed, and
scale factors were readjusted.
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4.2.1 ASCE 7-10 – Response Spectrum (USGS)
In order to generate seismic load demands to design the structures, a design basis
earthquake (DBE) level response spectrum was generated, based on the project’s site
location, soil type, etc. A DBE level seismic event is classified as having a uniform 10%
probability of exceedence in 50 years, which equals a return period of 475 years (ASCE
7-10). A maximum considered earthquake (MCE) level spectrum was generated and
scaled down to find the DBE spectrum, with Sa-DBE = (2/3)Sa-MCE, where Sa = spectral
acceleration. An MCE level seismic event is classified as having a uniform 2%
probability of exceedence in 50 years, which equals a return period of 2,475 years (ASCE
7-10). The MCE level spectrum was used to determine the maximum displacement of
the isolation system, and thereby design the displacement capacity of the isolation
system. DBE and MCE seismic levels were also used to gauge seismic performance
levels of the structure, which is covered in the analysis phase of this thesis. The DBE and
MCE response spectra used for this study are shown in Figure Q below:7

Figure Q: MCE and DBE Response Spectra
Source: USGS 2012
7

Refer to Appendix D on page 176 for documentation of response spectrum calculations
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4.2.2 ASCE 7-10 – Modal Response Spectrum Analysis
According to section 12.9 of ASCE 7-10, modal response spectrum analysis
involves finding the natural mode shapes of the structure and including “a sufficient
number of modes to obtain a combined modal mass participation of at least 90 percent of
the actual mass” in each horizontal orthogonal direction. The response of the structure is
to be found for each of the mode shapes and combined, relative to each mode’s mass
participation value, to give a total response value. For the design of a fixed-base
structure, a DBE spectrum (with 5% critical damping) is used for the analysis. According
to section 17.6.3.3 of ASCE 7-10, to design an isolated structure the isolated modes must
be assigned a damping value “not greater than the effective damping of the isolation
system or 30 percent of critical, whichever is less.”
The isolation system in this study had an equivalent viscous damping ratio of 22%
at design displacement.8 In order model the equivalent viscous damping ratios for the
isolated modes during modal response spectrum analysis, the damping ratios were
assigned directly to the isolation bearing elements. This method is explained in more
detail in section “4.3 ETABS.”

8

Refer to section 4.5.1 on page 54 for documentation of the base isolation DBE damping value
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4.3 ETABS
To model and design both of the structures using modal response spectrum
analysis, a 3D digital model of each structure was created in ETABS. ETABS is a
building analysis software program developed by Computers & Structures, Inc. (CSI).
This section of the study will illustrate the modeling and analysis decisions (input) for
creating the structural models in ETABS, including material properties, structural
member section types, connectivity data, loading, mass, and design criteria.

4.3.1 ETABS – Model Structural Input
In order to create the structural models, the standard material properties in
ETABS were used for this study, including A992 steel, A500 Grade B steel, and
concrete. Units were in SI kip-in format. A992 steel was assigned to all steel structural
members except for the HSS braces, which were assigned A500 Grade B steel. Concrete
was assigned to the concrete slabs. The masses and weights of the materials were zeroed
out and instead accounted for directly; the weights were included in the assigned loading
and the masses were entered as equivalent point masses attached to the diaphragms.
The default section property values in ETABS were used for all the wide-flange
steel members. Default section properties were not available in ETABS for hollow
structural sections (HSS), so they were taken from the AISC Steel Construction Manual
and input directly into ETABS. Property modifiers (for area, moment of inertia, mass,
and weight) were not assigned to any of the structural sections.
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All the typical floors were assigned a section property named “SLAB1”. The
section was assigned as a shell and the membrane and bending thickness of the slab were
entered as 0.001 inches in order to make the membrane and bending properties
effectively equal to zero. This small stiffness assignment was done to model only the
slab’s lateral rigidity, which was accounted for by the rigid diaphragm assignments. All
the points on each floor were modeled as a rigid diaphragm.
In ETABS, rigid end zone lengths are determined by assigning a factor to the
column depth for beams or to the beam depth for columns. A rigid end zone factor of 0.5
was used for this study since it was typical for most steel frame structures. The ends of
the frame members were kept fully rigid, while the braces were assigned end releases for
both bending degrees of freedom on each end. In order to properly model the relative
stiffness of the members’ connections to the base, the moment frame members were
assigned fully rigid support restraints while the braced frame members were assigned
pinned (fixed only in translation) support restraints. Figure R on page 34 shows how the
member end releases and support restraints were modeled in ETABS.
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Figure R: ETABS Illustration of Structural Member End Release Properties
Source: ETABS 2011

As mentioned earlier, masses were modeled in ETABS as equivalent point masses
located at the center of mass and attached to each rigid diaphragm. Point masses were
calculated for the roof and typical floor slabs, and they accounted for the tributary mass
of the exterior partitions. 9 The mass properties are shown in Figures S, T, and U on page
35:

9

Refer to Appendices G and H on pages 185 and 186 for documentation of point mass calculations
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Figure S: ETABS Roof Point Masses
Source: ETABS 2011

Figure T: ETABS Floor Point Masses
Source: ETABS 2011

Figure U: ETABS Illustration of Restraints and Point Masses
Source: ETABS 2011
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4.3.2 ETABS – Model Isolation System Input
A separate slab, “SLAB2,” was modeled for the isolation platform in the baseisolated model. Again, units were in SI kip-in format. The slab was designated as a thick
plate (having translational and rotational stiffness in all directions) with a bending
thickness of 24 inches in order to form a properly rigid bending connection to the
isolation bearings. The membrane bending thickness was entered as 0.001 inches. It was
important for the isolation platform to be rigid rotationally in order to resist the large
bending moments imposed by the large lateral forces of the isolation bearings, as
demonstrated by the free body diagram of the isolation bearing element shown in Figure
V below. For simplicity, the same point mass values were assumed for the isolation
platform as for the typical floor slabs (5.54 kip-sec2/in translational and 44220233 kip-insec2 rotational).10

Figure V: Friction Pendulum Bearing Element Free Body Diagram
Source: CSI 2011

10

Refer to Appendix H on page 186 for documentation of the isolation platform mass calculations
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Figure W: ETABS Friction Pendulum Bearing Assignments
Source: ETABS 2011
Figure W above shows the layout of the friction pendulum bearings, which had
different types (A through F) modeled in ETABS based on their unique lateral properties.
These lateral properties were determined by the varying tributary weights acting upon
each bearing.11 The typical properties shared by all the bearings (mass, rotational inertia,
and vertical stiffness) are shown in Figures X and Y on page 38:

11

Refer to Appendix I on page 187 for calculations of friction pendulum bearing properties and weights
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Figure X: ETABS Typical Friction Pendulum Bearing Properties
Source: ETABS 2011

Figure Y: ETABS Typical Friction Pendulum Bearing Vertical Properties
Source: ETABS 2011
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Friction pendulum bearing FPA was located at the inside of the structure, while
all the other FP bearings were located along the perimeter. In order to reduce torsional
modes, FPA was made more flexible laterally by having a friction coefficient of 0.02,
while the perimeter bearings were made stiffer by having a friction coefficient equal to
0.03. For simplicity, the friction coefficients were assumed to have the same value for
both fast and slow velocities. The rate parameter determined the rate of change between
the fast and slow coefficients of friction for a given velocity, so it had no effect and was
taken as unity.12 The lateral properties are shown in the Figures Z, AA, and BB below:

Figure Z: ETABS Friction Pendulum Bearing Type A and B Lateral Properties
Source: ETABS 2011
12

Refer to Appendix I on page 187 for calculations of friction pendulum bearing properties
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Figure AA: ETABS Friction Pendulum Bearing Type C and D Lateral Properties
Source: ETABS 2011
As mentioned above, although all the outer/stiff bearings (FPB, FPC, FPD, FPE,
and FPF) had the same friction coefficients and radii of curvature, their varying effective
weights affected their lateral stiffness. The different weights acting on each bearing
directly correlated with their friction force, which in turn impacted their effective and
elastic stiffness.
The effective damping (0.22 or 22%) was a product of all the bearings making up
the isolation system. This value was the average damping value of all the isolation
bearings, and the same effective damping value was input for all the bearings.
Alternatively, each individual bearing’s damping value could have been input separately;
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however, the same average value was chosen for simplicity and because the difference
between the two methods was insignificant.

Figure BB: ETABS Friction Pendulum Bearing Type E and F Lateral Properties
Source: ETABS 2011
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4.3.3 ETABS – Loading and Analysis Input
In order to perform the gravity, modal, and modal response spectrum analyses in
ETABS, the loads were first entered. The distributed and point loads were found with
tributary area and were in units of lb-ft. For the moment frames, distributed dead loads of
1,240 lb/ft and 1,180 lb/ft were calculated for the floors and roof, respectively.
Point loads on the left edge of the moment frames were larger than the right edge,
due to the larger tributary area from the 40-foot span to the edge of the structure,
compared to the 30-foot span on the opposite end. The floors had dead point loads of
24,800 lb and 18,600 lb on each end, while the roof had dead point loads of 23,600 lb and
18,600 lb.
No live load reduction was assigned in ETABS due to the live loads already being
reduced by hand and entered into the models.13 The moment frames had distributed
reduced live loads of 1,066 lb/ft on the floors. The roof distributed reduced live loads
equaled 240 lb/ft. Floor point reduced live loads equaled 18,440 lb and 13,830 lb, while
roof point reduced live loads equaled 4,800 lb and 3,600 lb.
The braced frames had distributed dead loads of 620 lb/ft and 590 lb/ft for the
floors and roof, respectively. It had point dead loads on each edge of the frames, which
equaled 37,200 lb on the floors and 35,400 lb. on the roof. The reduced distributed live
loads equaled 633 lb/ft and 1,350 lb/ft on the floors and roof, respectively. The reduced
point live loads equaled 25,200 lb on the floors and 27,600 lb on the roof.

13

Refer to Appendices E and F on pages 183 and 184 for calculations of live load reductions
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Once the loads were entered into ETABS, the design load combinations were
created as was shown in Table 3 on page 29. In order to perform the modal analysis, 12
modes were calculated, which was enough to capture the 90 percent cumulative mass
modal participation requirement in the x-translational, y-translational, and z-torsional
directions. The analysis included residual-mass modes.
The DBE and MCE response spectra were entered into ETABS and were assigned
the typical 5% (0.05) damping ratio. Response spectrum functions were created for each
direction, using the complete quadratic combination (CQC) modal combination method,
and the square root of the sum of squares (SRSS) directional combination method. Also,
the response spectrum functions’ acceleration units were converted from g to in/sec2 via
the 386.4 scale factor.
An ETABS analysis was conducted to find the isolation bearing design
displacement (with the effective damping values of 22% assigned directly to the isolation
bearings). After comparing the results to the expected hand calculation value of DD =
13.46 inches, it was found that the ETABS analysis displacements differed by about 2
inches. The results are shown in Table 4 below:
Table 4: Isolation Bearing Design Displacement Results Comparison
Source: self-produced
DDx [ in.]

DDy [in.]

Hand Calculations

13.46

13.46

(% Difference)

(0%)

(0%)

Damped Bearings

15.19

15.85

(% Difference)

(12.9%)

(17.8%)
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The purpose of assigning 22% damping to the bearings was to take into account
the equivalent damping of the isolation bearings at design displacement for the isolated
modes (typically modes 1-3 for a 3-dimensional model of a structure: x-translational, ytranslational, and z-torsional). After the third isolated mode, the higher modes tended to
behave more like the modes of the fixed-base structure, and the damping of the base
isolation bearings had less of an effect on the superstructure’s modal behavior.
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4.3.4 ETABS – Steel Design Check Input
The final ETABS input needed to perform the analyses and design the structural
members in each building was the steel design check input. Load combinations (that
were specified earlier) were assigned to design the special moment frame (SMF) and
special concentrically braced frame (SCBF) systems for strength and deflection
requirements. The SMF was assigned its appropriate U1/x-direction modal response
spectrum analysis load combinations, and the SCBF was assigned its appropriate load
combinations for the U2/y-direction.14 Load combinations 1-3 were the governing load
and resistance factor design (LRFD) gravity load combinations.
Point bracing was assigned along the third-length points of the SMF beams,
where the gravity beams framed into the moment frame beams. Similarly, point bracing
was assigned at the halfway points along the SCBF beams where the lateral braces
intersected. Uniform bracing was assigned along the top of the SCBF beams due to shear
studs connecting the beams to the metal decking. The studs were assumed to occur at a
close enough interval such that uniform bracing would be deemed appropriate. The point
bracing and uniform bracing were assigned in order to account for restraint against lateral
torsional buckling during the design of the steel frames.
Next, special seismic data was input into ETABS. As determined in section “4.2
ASCE 7-10 Design Criteria,” a rho factor of 1 and design category D were specified.
The lateral force resisting system and system overstrength factors of 3 and 2 for the SMF

14

Refer to Appendices B and C on pages 163 and 167 for calculations of load combinations
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and SCBF, respectively, were entered by default in the steel frame design preferences
interface.
The ETABS steel frame design preference interfaces for the SMF and SCBF were
used to specify the design coefficients and factors, shown in Table 1 on page 27, as well
as the analysis preferences for the design of each lateral system. The design method
chosen was the direct analysis method. This method used general second order analysis
with the stiffness reduction factor (τb), which varied with the axial force in each member
(CSI 2010). These were the default analysis settings in ETABS. The related equations
for these settings are shown below.
Eq. 7
Eq. 8

Eq. 9

Where:

= Modulus of Elasticity [kips/in2]
= Moment of Inertia [in4]
= Area [in2]
= Stiffness Reduction Factor
= Design philosophy factor (1.0 for LRFD)
= Required second-order axial strength [kips]
= Axial yield strength [kips]
B1, B2 = Moment magnification factors
K2 = Effective length factor
= Nominal axial strength [kips]
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The typical LRFD resistance factors (ϕ) for each loading type were also specified
in the steel frame design preferences interface. Conservatively, the doubler plate was not
assumed to be plug welded, which neglected the cumulative column web and doubler
plate thickness for the minimum thickness local buckling check of the panel zone. By
default, the submerged arc welding (SAW) process was chosen for the welding of the
hollow structural sections (HSS), which allowed the design wall thickness of the HSS
members to be unreduced (CSI 2010). Dead load, live load, and total deflections were
considered using the standard deflection ratio limits. Once the steel frame design
preferences interface was completed, all the required data was input into ETABS and the
structures were ready to be designed.
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4.4 Design of Fixed-Base Structure
The fixed-base structure was designed using modal response spectrum analysis
and the ‘Steel Design/Check of Structure’ tool in ETABS. The analysis resulted in a final
lateral system with the structural sections shown in Figures CC and DD below.

Figure CC: Sections of Designed Fixed-Base SMF
Source: ETABS 2011
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Figure DD: Sections of Designed Fixed-Base SCBF
Source: ETABS 2011
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The special moment frame (SMF) resulted in W27x columns and W30x beams.
For constructability, the column splices were placed every 2 stories and the same sections
were used for the SMF columns on each floor. Figures CC and DD above also illustrate
the color-coded demand-capacity ratios (ranging in severity from less than 0.50 in blue to
more than 0.95 in red) of the structural members from the ‘Steel Design/Check of
Structure’ tool in ETABS. The design of the SMF was determined by drift limits and
relative stiffness limits. The outer columns easily passed the relative stiffness
requirements, while the inner W27x columns were governed by the W30x beams
attached on each side. Specifically, the inner columns sustained demand-capacity ratios
of over 0.90 and in some cases 0.95, as shown by the color coding in Figure CC.
The special concentrically braced frame (SCBF) resulted in W18x columns,
W16x beams, and braces including HSS8x8x and HSS7x7x sections. The design of the
SCBF was determined by the strength limits of the braces and the relative stiffness limits
of the frame members. The braces were designed such that they were likely to yield
before the frame members (i.e. the braces sustained higher demand-capacity ratios than
the corresponding frame members on each level). The majority of the braces reached
demand-capacity ratios of over 0.70, and many of the frame members also surpassed
ratios of 0.70. Therefore, the structural sections that were selected closely met their
design criteria, and the fixed-base structure was efficiently designed.
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4.4.1 Design of Fixed-Base Structure – Modal
This section contains the final modal information used to design the fixed-base
structure via modal response spectrum analysis. The modes and cumulative mass
participation ratios of the designed fixed-base structure are shown in Table 5 below.
Table 5: Fixed-Base Modes (ETABS Modal Analysis)
Source: self-produced

Note from the 10 modes shown above that the minimum requirement of 90
percent cumulative mass participation was reached in each modal direction (xtranslational, y-translational, and z-torsional). Figure EE on page 52 shows the mode
shapes of the fixed-base structure. As expected, the first two modes were translational in
the x and y directions, and the third mode was torsional about the z-direction.
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Figure EE: Fixed-Base Mode Shapes (ETABS Modal Analysis)
Source: ETABS 2011, self-produced
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4.4.2 Design of Fixed-Base Structure – Drifts and Forces
Table 6 below shows the drifts of the fixed-base structure resulting from modal
response spectrum analysis. Note that the design drift in the x-direction (U1 – SMF) was
0.0148, which closely met the design drift limit of 0.0150. The proximity of the values
was due to the design of the SMF being governed by the drift limit instead of member
force limits, which is common when designing moment frames due to their greater
flexibility compared to braced frames. The design drift in the y-direction (U2 – SCBF)
was 0.0120. The design of the SCBF was governed by strength instead of drift limits, so
the drifts easily met the design drift limit.
Table 6: Fixed-Base Drifts (ETABS)
Source: self-produced
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4.5 Design of the Base-Isolated Office Building
The first step of designing the base-isolated office building was to design the base
isolation system. The isolation system was designed to meet a target base-isolated
effective period and effective viscous damping ratio for a given design displacement.
Then, the maximum displacement of the isolation bearings was calculated to determine
the moat size (the gap size between the building façade and concrete retaining wall at the
base of the building). Lastly, the superstructure was designed to meet the required
seismic performance criteria.

4.5.1 Design of the Isolation System – Bearings
As described in section “2.1 Fundamentals of Base Isolation,” the design goal of
the base isolation system was to reduce the spectral accelerations and forces incurred in
the superstructure. This goal was accomplished by both increasing the effective period of
the structure via base isolation and damping seismic energy via friction caused by the
friction pendulum bearings. In order to increase the effective period, the isolation system
was designed to be flexible laterally. This flexibility was achieved in the friction
pendulum bearings primarily by using concave plates with large radii of curvature.
The values of the coefficients of friction can vary with the production of each
bearing as well as the velocity of the bearing, which in turn affects the effective stiffness
of the bearing. To account for these differences, upper-bound and lower-bound
properties are typically determined through cyclical testing of each bearing at given
displacements. The upper-bound properties (with higher coefficients of friction and
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effective stiffness values) are used to conservatively determine the design lateral forces
incurred within the isolation system and superstructure at a DBE level event. The lowerbound properties (with lower coefficients of friction and effective stiffness values) are
used to conservatively determine the maximum bearing displacements at an MCE level
event. The isolation bearing design procedure used for this study involved an iterative
process, described below:
1. Place an isolation bearing under each column and calculate gravity loads.
2. Choose a target viscous damping ratio (βD) and effective period (TD) for an
assumed design displacement (DD) and a given spectral acceleration value at
a period of 1 second (SD1). Note that TD is recommended to be taken as 3
times the fixed-base period (To)
3. Choose initial isolation bearing properties, including


Effective radii of curvature of the concave spherical plates (Reff)



Upper-bound friction coefficients (μ)

4. Choose a stiff variation of the isolation bearing to be placed at the perimeter
columns, with upper-bound friction coefficient values roughly 1/3 larger than
the flexible/inner bearing values. This variation is done to reduce the
influence of the torsional base-isolated modes.
5. Calculate and match the isolation bearing properties to the target isolation
system properties, reiterating as needed
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By following the procedure outlined above, the DBE upper-bound bearings were
designed according to their target design criteria. The DBE target design criteria
included a viscous damping ratio of 22% and an effective period of 4.50 seconds. The
spectral acceleration value at a period of 1 second (SD1) was given as 0.446 g. After a
trial and error process, it was found that using bearings with larger radii of curvature and
smaller coefficients of friction led to isolation system properties that approached the
target values. Therefore, the inner/flexible upper-bound (DBE) bearing was designed
with a coefficient of friction of 0.02, while the outer/stiff upper-bound (DBE) bearing
was designed with a coefficient of friction of 0.03. These were the lowest practical
upper-bound friction coefficient values that simultaneously differed by roughly 1/3, as
suggested. The outer conclave plates were designed with a radius of curvature (R) of 156
inches, which was the second largest size available according to EPS. The largest
available plate size, with a radius of 244 inches, was deemed impractical for this project
due to its relatively oversized footprint and higher cost (EPS 2003).
The final iterations of the upper-bound isolation system properties led to a design
with a DBE level bearing displacement (DD) of 13.46 inches. Through these trial bearing
properties, it was found that reducing the friction coefficients had a larger impact on
improving the seismic performance of the isolated structure when compared to increasing
the radius of curvature of the outer spherical concave plates. However, both techniques
led to an improvement in seismic performance. The greater effectiveness of lowering the
friction coefficients was attributed to the structure being tall and flexible. As illustrated
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in section “2.1 Fundamentals of Base Isolation,” increasing the effective period of a
structure via base isolation (by increasing the radius of curvature of the plates) has
diminishing returns as the period of the original structure increases. The final upperbound bearing properties are shown in Figures FF and GG on page 58, and Tables 7 and
8 on page 59.15

15

Refer to Appendix I on page 187 for documentation of isolation system and bearing calculations
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Figure FF: Force-Displacement of DBE (Upper-Bound) Inner/Flexible Bearing
Source: self-produced

Figure GG: Force-Displacement of DBE (Upper-Bound) Outer/Stiff Bearing
Source: self-produced
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Table 7: DBE (Upper Bound) Isolation Bearing Properties
Source: self-produced

Table 8: DBE (Upper Bound) Isolation System Properties
Source: self-produced
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Figure HH and Table 9 below illustrate the geometry of the Triple Friction Pendulum
(TFP) bearings used for this study.

Figure HH: Triple Friction Pendulum Diagram
Source: Zekioglu et al. 2009
Table 9: Geometry of Triple Friction Pendulum Bearing
Source: self-produced

Note that the same geometry was used for all the bearings. From a manufacturing
standpoint, the only difference between the bearings was their friction coefficient values.
Figures II and JJ on page 61, and Tables 10 and 11 on page 62 summarize the lowerbound (MCE) design properties of the TFP bearings.16

16

Refer to Appendix I on page 187 for documentation of isolation system and bearing calculations
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Figure II: Force-Displacement of MCE (Lower-Bound) Inner/Flexible Bearing
Source: self-produced

Figure JJ: Force-Displacement of MCE (Lower-Bound) Outer/Stiff Bearing
Source: self-produced
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Table 10: MCE (Lower Bound) Isolation Bearing Properties
Source: self-produced

Table 11: MCE (Lower Bound) Isolation System Properties
Source: self-produced

The lower-bound (MCE) bearing properties were determined in a similar manner
as that of the upper-bound (DBE) properties.17 A plus or minus 10% variation from the
nominal friction coefficient values to the upper-bound and lower-bound properties was
17

Refer to Appendix I on page 187 for documentation of isolation system and bearing calculations
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assumed. Since the nominal properties were not needed for design, the lower-bound
properties were found directly from the upper-bound properties by applying a ratio of
0.9/1.1, or about 0.818 to the coefficient of friction values. This procedure resulted in
flexible/inner and stiff/outer lower-bound friction coefficient values of 0.0164 and
0.0245, respectively. The lower-bound target effective period and viscous damping ratio
equaled 5.0 seconds and 11%, respectively. The final iterations of the lower-bound
isolation system properties led to a design with an MCE level bearing displacement (DM)
of 27.58 inches.
As explained in section “2.1 Fundamentals of Base Isolation,” TFP bearings are
versatile in that they may be designed to have different lateral stiffness values at DBE
and MCE events through the use of sequentially activated outer plates with differing
properties. Although models have been developed (parallel and series models) to capture
the tri-linear behavior of the TFP bearings in ETABS, at the time of this writing there are
no known tri-linear TFP models for PERFORM-3D (Sarlis and Constantinou 2010). Due
to this fact, a bilinear model was used for this study (i.e. the same properties were used
for both outer concave plates in each TFP bearing). However, this caused the bearings in
this study to have a less than optimal design for MCE events. Ideally, each bearing’s
outer plates should be designed with differing properties such that its lateral stiffness
increases when an MCE event is reached. The seismic performance results from this
study would therefore be improved if tri-linear TFP bearing models for PERFORM-3D
were available and implemented.
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4.5.2 Design of the Isolation System – Moat
The moat size of the isolation system was determined by the maximum bearing
displacement expected for an MCE event, using the lower-bound properties of the
isolation bearings. Conservatively, the maximum of the hand-calculated value and the
average value of 7 time histories (from PERFORM-3D) was used, while taking into
account the effects of torsion. The results are shown in Table 12 below. The moat size
was calculated to be 36 inches, or 3 feet.18
Table 12: MCE (Lower Bound) Maximum Bearing Displacements
Source: self-produced



DTM = 34.87 inches governs



Round moat size up to 36 inches = 3 feet

The maximum bearing displacements from each of the 7 MCE time histories were
obtained by the bearings’ radial displacement time history plots in PERFORM-3D. The
maximum radial displacement out of all the bearings was used for each ground motion
record. An illustration of one of the bearing’s MCE time history plots for radial
displacement is shown in Figure KK on page 65.

18

Refer to Appendix I on page 187 for documentation of isolation system, bearing, and moat calculations
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Figure KK: Radial Displacement Time History Plot of TFP Bearing (MCE-183)
Source: PERFORM-3D 2011
The maximum radial displacement for the bearing in Figure KK was 33.4 inches,
which was found by using the Pythagorean theorem and the plotted Cartesian
coordinates. The maximum bearing displacements for the illustrated time history (MCE183) and all the other time histories were within a similar range to the average maximum
displacement of 31.7 inches. The bearings with the largest displacements for each
ground motion tended to be the bearings located at the outer corners of the structure.
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None of the maximum bearing displacements from the time histories surpassed
the bearing radius or moat size of 3 feet, which indicated that there was no seismic
damage inflicted on the isolation system. An example of a hysteresis plot of the same
bearing illustrated in Figure KK is shown in Figure LL below.

Figure LL: SMF-Direction Hysteresis Plot of TFP Bearing (MCE-183)
Source: PERFORM-3D 2011
The hysteretic behavior illustrated in Figure LL was typical for most of the
bearings subjected to MCE level ground motions. The hysteretic behavior for the
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bearings subjected to DBE level ground motions was also similar, but the bearings had
smaller maximum displacements due to the smaller intensity of the seismic loading. The
hysteresis plots showed that the bearings behaved in a bilinear manner as expected, with
slight variations in lateral stiffness and force due to the varying vertical forces acting on
each bearing throughout the ground motion records. As explained earlier, the lateral
stiffness of TFP bearings depends on the friction coefficient and the vertical force acting
on the bearing. The conformity of the hysteretic behavior also illustrated that the
bearings were properly absorbing energy and therefore damping the seismic response as
expected. Once the hysteresis plots and time history plots were shown to be in agreement
and they indicated that the bearings behaved as expected, the design of the isolation
system, including the moat, was complete.
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4.5.3 Design of the Base-Isolated Structure
The base-isolated structure was also designed using modal response spectrum
analysis and the ‘Steel Design/Check of Structure’ tool in ETABS. The analysis resulted
in a final lateral system with the structural sections shown in Figures MM and NN below.

Figure MM: Sections of Designed Base-Isolated SMF
Source: ETABS 2011
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Figure NN: Sections of Designed Base-Isolated SCBF
Source: ETABS 2011
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The special moment frames (SMF) resulted in the same structural members as
those in the fixed-base structure, with W27x columns and W30x beams. Again, for
constructability, the column splices were placed every 2 stories and the same sections
were used for the SMF columns on each floor. Similar color-coded demand-capacity
ratios (ranging in severity from less than 0.50 in blue to more than 0.95 in red) of the
structural members were reached as those in the fixed-base structure. The same structural
members were used for the SMF of both structures, partly because the designs of the
SMFs were determined by drift limits and relative stiffness limits for both cases. The
major differences between the two structures was that a stricter design drift limit was
used for the base-isolated structure (ranging between 0.007-0.010 in lieu of the fixed-base
design drift limit of 0.0015), and the base-isolated superstructure incurred smaller story
drifts than the fixed-base structure at the design basis earthquake (DBE) force level. The
smaller interstory drifts and stricter drift limits of the base-isolated structure led to similar
demand-capacity ratios as the fixed-base structure when using the same structural
members. Similar to the fixed-base structure, the outer columns of the base-isolated
structure also easily passed the relative stiffness requirements, while the inner W27x
columns were governed by the W30x beams attached on each side. Again, the inner
columns sustained demand-capacity ratios of over 0.90 and in some cases 0.95, as shown
by the color-coding in Figure MM.
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The special concentrically braced frames (SCBF) also resulted in the same
structural members as those in the fixed-base structure, with W18x columns, W16x
beams, and braces including HSS8x8x and HSS7x7x sections. The design of the SCBF
was again determined by the strength limits of the braces and the relative stiffness limits
of the frame members. Similar demand-capacity ratios were achieved for both structures
due to the use of similar design base shears. The base-isolated superstructure incurred a
smaller nominal base shear at DBE than the fixed-base structure, however the design base
shears were scaled down to comparable values. Similar design base shears were achieved
in the SCBF direction due to the isolated response modification coefficient (RI = 2) being
smaller than the fixed-base response modification coefficient (R = 6). Similar to the
fixed-base structure, the majority of the braces were designed such that they were likely
to yield before the frame members (i.e. the braces sustained higher demand-capacity
ratios than the corresponding frame members on each level). The majority of the braces
also reached demand-capacity ratios of over 0.70, and many of the frame members
surpassed ratios of 0.70 as well. Therefore, the structural sections that were selected
closely met their design criteria, and the base-isolated structure was efficiently designed.
Since the same structural members were used for both the fixed-base and baseisolated structures, this thesis also encompasses the seismic performance enhancements
that would result from retrofitting the fixed-base 12-story steel office building with the
same base isolation system in this study.
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4.5.4 Design of the Base-Isolated Structure – Modal
This section contains the final modal information used to design the base-isolated
structure via modal response spectrum analysis. The modes and cumulative mass
participation ratios of the designed base-isolated structure are shown in Table 13 below.
Table 13: Base-Isolated Modes (ETABS Modal Analysis)
Source: self-produced

Note from the 10 modes shown above that the minimum requirement of 90
percent cumulative mass participation was reached in each modal direction (xtranslational, y-translational, and z-torsional), just as it was in the fixed-base structure.
Figure OO on page 73 shows the mode shapes of the base-isolated structure. Again, as
expected, the first two modes were translational in the x and y directions, and the third
mode was torsional about the z-direction.
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Figure OO: Base-Isolated Mode Shapes (ETABS Modal Analysis)
Source: ETABS 2011, self-produced
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4.5.5 Design of the Base-Isolated Structure – Drifts and Forces
Table 14 below shows the drifts of the base-isolated structure, resulting from
modal response spectrum analysis. Note that the design drift in the x-direction (U1 –
SMF) was 0.0089, which met the isolated design drift limit range of 0.0070-0.0100. The
proximity of the values was due to the design of the SMF being governed by the drift
limit instead of member force limits, which is common when designing moment frames
due to their greater flexibility compared to braced frames. The design drift in the ydirection (U2 – SCBF) was 0.0069. The design of the SCBF was governed by strength
instead of drift limits, so the design drift easily met the design drift limit.
Table 14: Base-Isolated Drifts (ETABS)
Source: self-produced
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4.6 Verification Checks of the Design Models
The following checks were performed to verify that the structures were properly
modeled in ETABS for the design phase:19


Isolation Bearing Overturning/Uplift Check20
No tension/uplift forces occurred within any of the bearings in the
base-isolated model during any of the load combinations, including
a time history of the DBE-182 (El Centro) ground motion.



Maximum Displacement Check (Restrainer at DTM)
All bearings in the base-isolated model were checked for
maximum bearing displacement for all the load combinations, and
it was found that none of the bearings reached the displacement
limit of DTM = 34.87 inches.



Period/Drift Hand Calculation Check21
The fundamental period of the fixed structure (T = 3.22 sec.) was
verified with the following equation (Eq. 15.4-6, ASCE 7-05):

Eq. 10
Where:

19

T = Period [sec.]
wi = Floor weight [kips]
di = Floor elastic displacement associated with fi [in.]
g = Gravitational acceleration [in/sec2]
fi = Floor lateral force [kips]

Refer to section 5.5 on page 105 for checks verifying similarity between the ETABS and PERFORM-3D
models
20
Refer to “Figure HHH: Isolator Uplift Check (DBE-182: ETABS)” on page 109
21
Refer to Appendix O on page 204 for documentation of period check calculations
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5.0 ANALYSIS PHASE
In the analysis phase, the inter-story drifts and floor accelerations of both the
fixed-base and base-isolated office buildings were found at design basis earthquake
(DBE) and maximum considered earthquake (MCE) levels via nonlinear time history
analyses. Also, the structural performance levels were analyzed by tracking plastic hinge
rotations occurring in the structural members, according to ASCE 41-06 standards.
PERFORM-3D was used to model the structures and perform the analyses.
5.1 Analysis Phase Procedure
An overview of the analysis phase procedure is shown below:
1. Select and scale 7 ground motions to DBE and MCE levels (via PEER website)
2. Model structures, loading, and analysis criteria


Input hinge properties according to ASCE 41-06 standards



Input isolation bearings



Input time history functions

3. Perform nonlinear time history analyses


Obtain floor accelerations and interstory drifts



Obtain plastic hinge rotations and structural performance levels

4. Verify congruence between PERFORM-3D and ETABS models
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5.2 Nonlinear Time History Analysis
In order to account for the variation of the office building’s response throughout
the duration of each earthquake ground motion, a time history analysis was required. A
time history analysis involves simulating earthquake ground motion accelerations that
vary over time, and tracking the structure’s response to these ground motions. The
seismic response parameters that were considered for this study were


floor accelerations



interstory drifts



plastic hinge rotations



isolation bearing displacements and forces

The time history analyses performed in this study were nonlinear due to the
curvilinear behavior of the isolation bearings and the plastic hinge rotations of the
structural members. The nonlinear behavior of the isolation bearings (force vs.
displacement) was tracked over time via hysteresis loops. The area inside the hysteresis
loops was equal to the amount of energy dissipated by the bearings.
5.2.1 Nonlinear Time History Analysis – Procedure (ASCE 7-10)
The procedure for conducting a nonlinear time history analysis involves selecting
a minimum of 3 ground motions and scaling those ground motions to a given response
spectrum.. If a minimum of 7 ground motion records are selected (as was the case for
this study) the average of the response values from all the ground motions may be used in
lieu of the maximum value.

Seismic Performance Comparison of a Fixed-Base versus a Base-Isolated Office Building

5.0 ANALYSIS PHASE 78
5.2.2 Nonlinear Time History Analysis – Scaling of Ground Motions (PEER)
In order to perform the nonlinear time history analyses, 7 ground motions were
selected and scaled to both the DBE and MCE response spectrum levels for a San Diego
location. The ground motions and their scale factors are given in Table 15 below. These
ground motions were selected from a previous structural engineering project near the
same San Diego location used for this study. Therefore, the soil conditions were assumed
to be the same, and the selected ground motions were deemed appropriate for this study.
Table 15: Scale Factors for EQ Ground Motions
Source: self-produced
Event
Imperial Valley-06
Imperial Valley-06
Superstition Hills-02
Landers
Northridge-01
Kocaeli- Turkey
Duzce- Turkey

Year
1979
1979
1987
1992
1994
1999
1999

Station
El Centro Array #7
El Centro Array #8
El Centro Imp. Co. Cent
Yermo Fire Station
Sylmar - Olive View Med FF
Duzce
Duzce

NGA#
182
183
721
900
1086
1158
1605

DBE
ScaleF
0.7014
1.0541
1.1627
1.3041
0.5775
0.8435
0.7525

MCE
ScaleF
1.0520
1.5812
1.7440
1.9562
0.8662
1.2653
1.1288

In order to scale the ground motions, the beta version of the PEER Ground
Motion Database tool was used. This online tool linearly scales the acceleration
amplitudes of fault-normal and fault-parallel ground motion records to a defined response
spectrum over a defined period range, using the geometric mean of the records. The
weight function used in this study uniformly scaled the amplitudes of the records between
a period range between 5.3 – 1.0 seconds. This period range included the primary modes
of the base-isolated and fixed-base structures (ranging between 5.3 – 2.4 seconds) as well
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as periods as low as 1 second to account for higher modal effects. As can be seen in
Figure PP below, the geometric mean (red line) of the ground motions closely correlated
to the DBE target spectrum (black line) over the defined period range (green lines). The
same weight function was used to scale ground motions to the MCE target spectrum.

Figure PP: Weight Function Scaling of Ground Motions to DBE Spectrum
Source: PEER 2010
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5.3 Nonlinear Hinge Properties (ASCE 41-06)
This section of the thesis describes the nonlinear hinge properties used in the
study.
5.3.1 Plastic Deformation of Structural Components
When structural members or connections exceed their material yield limit, they
experience plastic behavior. Plastic behavior is classified as the state between yielding
and failure (crushing, rupture, etc.) where, as a stress is applied to the material and it
deforms, permanent deformation of the material will remain once the stress is released.
Figure QQ shown below demonstrates a typical stress-strain curve for steel under tensile
loading.

Figure QQ: Typical Steel Stress vs. Strain Curve
Source: Sandt 1999

The flat portion of the graph (zone 2, between points A and B) is the material’s
yield zone, where no additional stress is required for the material to experience further
deformation. After the steel yields, it reaches its plastic limit (point B) where the
material begins to regain stiffness and requires additional stress to deform further. This
portion of the diagram (zone 3), is the strain-hardening zone. At the ultimate strength of
the material (point C), less stress is required to deform the material, until failure is
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reached (at point D) due to rupture. The region between these two points (zone 4) is the
necking zone.
When designing a structural member, the nominal (lower bound) yield strength is
normally used. Conversely, when analyzing the seismic performance of a member (for
yielding) the expected (upper bound) strength of the member is used. The expected and
yield stresses are related by expected/yield strength ratios. The ratios used for this study
are shown in Table 16 below.
Table 16: Required Strength Ratios
Source: self-produced

Once the steel has yielded, the relationship of the material’s stress-strain curve
becomes curvilinear. Accurately capturing this curvilinear behavior requires nonlinear
analysis (as opposed to approximate linear-elastic methods), which is one reason why this
study involved nonlinear time history analyses. In nonlinear structural analysis, one
method of determining the stress in a connection or part of a structural steel member that
has yielded is to assume that a plastic hinge has formed. This is the method that was
chosen for this study. For plastic hinges, all of the yielding is assumed to occur locally at
a single point along the length of each yielding zone of the structural member.
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The degree of plastic deformation that a structural member is able to withstand
before failure is known as ductility. Structural performance levels are established for
given degrees of strain/rotation of structural members, based on the expected ductility of
the members. The specific criteria used to gauge the structural performance levels of the
structural members in this study are discussed in the next section.
5.3.2 Guidelines for Analyzing Plastic Deformation
The code ASCE-41, entitled Seismic Rehabilitation of Existing Buildings,
categorizes structural performance levels by degrees of plastic deformation. The listed
categories that were considered for this thesis, in increasing deformation/damage were


Immediate Occupancy (S-1): Light damage, no permanent drifts



Life Safety (S-3): Moderate damage, some permanent drifts



Collapse Prevention (S-5): Severe damage, larger permanent drifts

These performance levels are illustrated in the steel “back-bone curve” (force vs.
deformation plot) in Figure RR below.

Figure RR: Deformation Acceptance Criteria
Source: ASCE 41-06
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Chapter 5 of ASCE 41 describes the criteria for analyzing steel components and
elements. These structural strength criteria values form the “back-bone curve” of the
material, as shown in Figure SS below. Note from Tables 17 and 18 below that the
criteria are determined by the type of component, type of loading action, and member
dimensions (to account for slenderness).

Figure SS: Force-Deformation Relation for Steel Elements or Components
Source: ASCE 41-06
Table 17: Nonlinear Modeling Parameters and Acceptance Criteria – Structural Steel
Source: ASCE 41-06
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Table 18: Nonlinear Modeling Parameters and Acceptance Criteria – Steel Braces
Source: ASCE 41-06

As can be seen by Tables 17 and 18 above, and Figure TT on page 85, scale
factors of yield rotations are used to define structural performance levels for flexural
members (i.e. moment frames), while scale factors of yield displacements are used to
define structural performance levels for axial members (i.e. braces). The majority of the
structural members in this study were characterized by condition “a” in the Tables 17 and
18 (i.e. non-slender).22

22

Note from Figure TT that the equations defining the yield

Refer to Appendices J-N on pages 197-203 for documentation of hinge property calculations
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rotations and strengths of the beams and columns use the expected yield stress, Fye. As
discussed earlier, the expected yield stress is an upper-bound, more realistic strength for
what the structural components will reach before yielding. This more realistic strength is
important for properly analyzing the structural members for ductility when subjected to
seismic demands, as was done in this study.

Figure TT: Force-Deformation Equations
Source: ASCE 41-06
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5.4 PERFORM-3D
To model and analyze both of the office buildings using nonlinear time history
analysis, a 3D digital model of each structure was created in PERFORM-3D.
PERFORM-3D is a building analysis software program developed by Computers &
Structures, Inc. (CSI). This section of the study illustrates the modeling and analysis
decisions (input) of the structural models in PERFORM-3D, including the structural
member sections, locations, lengths, material properties, connectivity data, loads, mass,
and design criteria. In particular, the input for plastic hinges, time history functions, and
isolation bearings are emphasized.

5.4.1 PERFORM-3D – Model Structural Input
In order to model the fixed-base and base-isolated buildings in PERFORM-3D,
first their structural data was entered into the program. Rigid horizontal diaphragms were
assumed for all typical floors in both models. All nodes on each floor were constrained
in both lateral directions (x and y) as well as torsionally around the vertical axis (z).
Also, point masses were assigned and constrained at the center of mass location on each
floor.23 The diaphragms and masses for typical floors and the support conditions at the
base were all the same as those input into the ETABS models. Note that in the baseisolated model, the isolation platform level was constrained to be rotationally rigid in all
directions. This constraint was discussed in more detail in section “4.3.2 ETABS –
Model Isolation System Input.”

23

Refer to Appendices G and H on pages 185 and 186 for documentation of point mass calculations
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Once the forms of the structures were modeled, the properties of the structural
members were defined. The default section properties existing in PERFORM-3D were
used for the structural members in this study. The types of components that used section
properties in the models were inelastic components (including plastic hinges) and axial
strength sections. The axial strength sections included the hollow structural section
(HSS) braces in the special concentrically braced frames (SCBF).
In PERFORM-3D, the stiffness of the end-zones of each member is defined as a
multiple of the member’s stiffness. After attempting several trial factors, it was found
that a stiffness ratio of 1.5 caused the modal behavior and drifts of the PERFORM-3D
models to correlate closely with those of the ETABS models, which instead use a rigid
end zone factor (equal to 0.5 for this study). At each column-beam intersection, the
smaller members’ dimensions were used for the end zone lengths in PERFORM-3D for
the same reason as stated above. Note that the rigid end zone factor in ETABS
determines the ratio of the rigid end zone length (50% in this case) that is considered
fully rigid, and the remaining length of the rigid end zone is equal to the stiffness of the
rest of the structural member (CSI 2005). PERFORM-3D on the other hand uses the full
length of the defined end zones and multiplies the stiffness by a factor as described
above. The methods in each program determine the stiffness of column-beam
connections (i.e. end zones), which is particularly important for properly modeling the
stiffness of moment frames and determining accurate drift values.
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Documentation of typical plastic hinge property input for PERFORM-3D is
shown in Figures UU and VV below, illustrating the hinge properties of a W30x116
beam (which was used for the special moment frames).

Figure UU: Typical Beam Hinge Force-Displacement Input
Source: PERFORM-3D 2011
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Figure VV: Typical Beam Hinge Property Deformation Capacity Input
Source: PERFORM-3D 2011
The yield and ultimate bending moments (FY and FU) along with the rotations at
ultimate (DU), failure (DX), and other points that form the backbone curve of the plastic
hinge are defined in Figure UU above. The rotations at which strength loss begins and
ends are defined by DL and DR, respectively. The ratio of residual strength (after
strength loss) to ultimate strength is given by FR/FU. Figure VV above illustrates the
rotations at which Immediate Occupancy (IO), Life Safety (LS), and Collapse Prevention
(CP) structural performance levels are defined. Note that all these levels (indicated by
the red vertical lines on the graph) exist in successive order and before strength loss
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occurs. All the values in these two figures were defined by ASCE 41-06, as explained
earlier in section “5.3.2 Guidelines for Analyzing Plastic Deformation.” 24
Once the section properties, end zones, and plastic hinges were defined; they were
combined into a single compound to form a structural member. The compound
properties of a typical moment frame beam (which was a W30x116 in this case) is shown
in Figure WW below, where component types are assigned and their lengths along the
member are defined.

Figure WW: Typical Beam Compound Property Input
Source: PERFORM-3D 2011
While the beam hinge properties only needed to account for rotations and
moments associated with major bending (around the local y-axis), the column plastic
hinges took into account bending about both local axes, tension and compression
deformations, and the axial forces’ influence on the overall force-deformation
relationship via yield surfaces (i.e. P-M plots).
24

Refer to Appendices J-N on pages 197-203 for documentation of hinge strengths and deformations
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The procedure for modeling the plastic hinges of the columns was similar to that
for modeling the hinges of the beams, described above. Bending about axis 3 (i.e. about
the local y-axis) was modeled as strong-axis bending. Units were in kip-in, and the
deformations for bending were rotations (in radians) while the deformations for axial
deformations were in inches. The suggested parameter values given in PERFORM-3D
were used to define the shape of the yield surface. The structural performance levels
(rotation values) for the column plastic hinges were modeled in a similar manner as was
done for the beam hinges, except the column hinges also accounted for the weak-axis
rotations via a scale factor. As was done for the beam hinges, plastic hinge values for the
columns were determined by ASCE 41-06.
The column properties were modeled in a similar manner as was done for the
beams. The only difference was that an end zone was placed on only the upper end of
each column compound. This placement methodology was done to mimic the condition
of the column-beam joints being located at the top of the beam cross sections, thereby
allowing the full depth of the beams to be utilized for the end zones on the upper ends of
the column elements. This method was efficient since the base columns had no end
zones at their lower-ends (due to the lack of beam-column intersections), which therefore
eliminated the need to use two different methods for modeling the column compound
elements.
The plastic hinge properties for the braces were of the same type as those used for
the columns. The compound element properties of the braces were different from those of
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the other member types in that moment releases were placed at the ends of the braces in
order to correctly model their primarily axial force-resisting behavior. Bending moment
releases were also placed at the ends of the brace members in ETABS for the same reason
as stated above. The braces were also not modeled with end zones since they had no
beam-column connections.
Once the compound elements were created, they were assigned to the lines that
constituted the form of the structural models. Part of this process involved assigning the
orientation of the local axes of each element. The orientation of a typical column from
one of the special moment frames (SMF), which had the depth of its member (axis 2)
running along the direction of the moment frame lines (+ H1). Similarly, axis 2 of the
braced-frame columns was oriented along the direction of the braced frame lines (+ H2).
All beams were oriented with their depths running vertically (vertical up).
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5.4.2 PERFORM-3D – Isolation System Input
Once the superstructure of the base-isolated structure was modeled in
PERFORM-3D, the isolation system was then modeled. The first step for modeling the
isolation system was to model the isolation platform, which was assigned a rigid
diaphragm with all its nodes restrained in all 6 degrees of freedom, as shown in Figure
XX below.

Figure XX: Isolation Platform Node Slaving Input
Source: PERFORM-3D 2011
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The isolation platform nodes were slaved as full rigid links in all directions in
order to model the rigid bending stiffness of the isolation platform. This bending
stiffness was needed to support the large bending moments attributed to the isolation
bearings, as discussed earlier in section “4.3.2 ETABS – Model Isolation System Input.”
The mass assignments of the isolation platform were the same as those of the typical
floors, just as they were in ETABS.
After the isolation platform was created, the isolation bearings were modeled.
The same procedure was followed as was done in ETABS, in which a bearing was placed
beneath every column, and the specific bearing properties were input for each unique
gravity load. As explained earlier in section 4.3.2, two different bearing types were
created (the outer/stiff bearing and the inner/flexible bearing) in order to reduce torsional
mode effects. Figures YY and ZZ on pages 95 and 97 illustrate the typical modeling
input for the two types of isolation bearings.25 Note that the “Friction Pendulum” seismic
isolator property was used in PERFORM-3D, which is the same as a single Friction
Pendulum bearing. Since ETABS and PERFORM-3D don’t have Triple Friction
Pendulum bearings, an effective bilinear model was used (as suggested by the
manufacturer EPS) using the single Friction Pendulum bearings.

25

Refer to Appendix I on page 187 for documentation of bearing types and property calculations
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Figure YY: Inner/Flexible TFP Bearing Input
Source: PERFORM-3D 2011
Figure YY above shows the lateral property input for the inner/flexible bearing
type “FP A” in PERFORM-3D. The units are in kip-inches. The same parameter values
were entered as those entered in ETABS; however, no linear effective properties (such as
effective stiffness and effective damping) were entered since PERFORM-3D only uses
nonlinear lateral properties. KO is the elastic stiffness, DX is the deformation capacity,
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and DS and KS are the boundary element displacement capacity and stiffness,
respectively. A small amount of lateral stiffness was needed in the bearings for stability
during gravity analysis, so the recommended lateral stiffness scale factor of 0.01 was
used. As with ETABS, a single friction coefficient value was used in each bearing (i.e.
the variability due to velocity was ignored) in order to promote congruence between the
ETABS and PERFORM-3D models.
Figure ZZ on page 97 illustrates the lateral property input for one of the stiff/outer
bearings, “FP B.” The major difference between the “stiff” and “flexible” bearing types
was their friction coefficient values of 0.03 and 0.02, respectively. Note that all bearings
used an effective radius of curvature of 303 inches. As explained earlier, this value is
equal to the effective radius of curvature of the outer plates of the TFP bearing. The
resulting stiffness of the effective radius of curvature of the inner plates and the initial
sliding friction coefficient were captured with an equivalent stiffness, which was input as
the elastic stiffness. An equivalent stiffness was utilized due to the need to use a bilinear
model, as explained above.
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Figure ZZ: Outer/Stiff TFP Bearing Input
Source: PERFORM-3D 2011
The same vertical properties were used for all the bearings. The compression
stiffness (KC) was calculated based on the size of the bearings, and equaled 126,147
kips/in.26 Since friction-pendulum bearings have no tensile stiffness, a very small value
(0.001 kips/in) was input for KT.

26

Refer to Appendix I on page 187 for documentation of bearing types and property calculations
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5.4.3 PERFORM-3D – Loading and Analysis Input
Once the structural data of the superstructure and isolation system was modeled in
PERFORM-3D, the loading data (including time history loading) was input into the
program. The same member load values were entered as those used in the ETABS
models. Refer to section “4.3.3 ETABS – Loading and Analysis Input” for
documentation of the loading that was input into both programs.
Interstory drifts were taken at the centers of mass and as well as the edges of the
floor slabs, and the worst case interstory drifts were recorded. The methodology for
assigning drifts in PERFORM-3D included specifying the global direction (H1, H2, or an
angle from H1), then selecting the upper node and lower node from which the drifts were
determined. The relative displacements between two points could have also been
determined by following a similar procedure. However, the relative displacements were
not required to be assigned at the isolation bearing nodes since the displacements were
already accounted for by the bearing elements.
Once the loads and drifts were input into the models, strength and deformation
limit states were defined for the plastic hinges and strength sections. Figure AAA below
illustrates the typical limit state input in PERFORM-3D, particularly for the deformation
Life Safety (level 2) structural performance level of the columns. Note that grouped
elements were selected along with their specific component (P-M-M plastic hinge
rotation type, which was used for all columns). The deformation type (hinge rotation),
performance level, and corresponding demand/capacity ratio were then specified. The
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actual deformations for each performance level were already specified when each plastic
hinge was defined, so a demand/capacity value of 1.0 was specified for each performance
level to correspond directly with its specified rotation value. Three performance levels
were specified for each plastic hinge, corresponding to the Immediate Occupancy (IO),
Life Safety (LS), and Collapse Prevention (CP) performance levels. The limit states of
each level were assigned accordingly as shown Figure AAA below.

Figure AAA: Limit State Input
Source: PERFORM-3D 2011
When all the limit states were assigned for the plastic hinges and strength sections
of each component, they were grouped together into a single structural performance level
group (IO, LS, or CP).
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To make the model analyze the structure more accurately, an option in
PERFORM-3D was selected in which the braced frames were automatically deleted for
gravity analysis and then reentered for the lateral analyses. This temporary exclusion
prevented gravity loads from being transferred into the braces and caused the columns to
support all the gravity loads, which was in agreement with standard engineering
assumptions and practice. This analytical option was conducted in ETABS as well.
Next, the load cases were assigned. For the gravity (dead + live) load case, the
nodal and element/distributed loads were input for each load type group (floor dead, floor
live, roof dead, and roof live loads). The factors for each load case were all specified as 1
since the structure was already designed using load combinations in ETABS and it was
only to be analyzed for its seismic performance in PERFROM-3D. As stated earlier, the
same loads were input as those in the ETABS models.
Similarly, the lateral load cases were input into PERFORM-3D. For the dynamic
earthquake load cases, first each earthquake ground acceleration record had to be added
to the PERFORM-3D database, as shown in Figure BBB on page 101. The specific
earthquake illustrated below is the “DBE-182” El Cento ground motion. The text files of
each ground motion (obtained from the PEER database website, as explained earlier)
were added, specifying their related parameters in order to properly interpret the files.
The contents of each file were a series of acceleration values given in units of gravity (g),
separated by spaces. The earthquake duration and time interval were given in each file
and input into PERFORM-3D.
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Figure BBB: Input of Earthquake Record
Source: PERFORM-3D 2011

While each ground motion was being input into PERFORM-3D, it was also able
to be graphed and reviewed. Figure CCC on page 102 shows the plot of the “DBE-182”
El Centro fault-normal ground motion, which was input into PERFORM-3D.
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Figure CCC: Review of Earthquake Record
Source: PERFORM-3D 2011
After each ground motion was input into the PERFORM-3D database, the load
cases were then defined. The same total time and time steps were specified as those used
when each ground motion was added. The maximum number of events in any step was
set to a large value (1000) due to the large number of nonlinear components in the model
and to ensure that the analysis would not be stopped. The results were specified to be
saved at an interval of time steps that equaled a total time interval of about 0.05 seconds
for each ground motion. The analyses were programmed to stop when the failure of a
component occurred; however, no component reached failure in any of the final analyses.
The fault-normal and fault-parallel ground motions were simultaneously input in the Q1
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(H1) and Q2 (H2) directions, respectively. Vertical ground motions were not considered
in this study, so they were not input into PERFORM-3D.
Once the load cases were defined, the analysis series were specified. For both the
DBE and MCE series analysis input, the number of mode shapes to calculate was
selected as 12, which was the same number of modes specified in ETABS in order to
achieve 90% total modal mass participation in each degree of freedom. P-delta effects
were considered in the analysis in order to achieve more realistic results.

Figure DDD: Analysis Series Damping Input
Source: PERFORM-3D 2011

Figure DDD above illustrates the typical analysis input for modal and Rayleigh
damping. In accordance with standard practice, a damping value of roughly 3% was
selected for the fixed-base structure. The base-isolated structure was assigned a damping
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value of roughly 1%, because damping occurring in the isolation system was expected to
reduce structural deformations and correlated damping in the superstructure. Rayleigh
damping was specified to greatly increase damping for low spectral-period to
fundamental-period ratios in order to negate higher-order modal effects, as shown in
Figure DDD. Properly defining this modal damping behavior was particularly important
for the proper modeling of the base-isolated structures, where the base-isolated modes are
the primary modes of the structures and the higher-mode effects tend to be negligible.
The default settings for Alpha-M and Beta-K damping were used, with scale factors of
unity. No upper/lower bounds were specified for the structural members, so none were
specified for the analysis. A normal analysis setting was selected in lieu of the
“Quick’n’Dirty” analysis setting, which ignores strength loss and cyclic degradation.
This setting is meant to be activated when initially creating and debugging the model, as
it aids identifying problems with the model by ignoring more complex modeling features.
The typical procedure for setting up and running each analysis in PERFORM-3D
was to first run the gravity analysis and then run each dynamic earthquake analysis, while
superimposing the previous gravity analysis results. The same procedure was followed
for both the DBE and MCE analysis series.
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5.5 Verification of Models
This section illustrates the checks that were performed in order to verify
consistency between the ETABS and PERFORM-3D models for each structure.
5.5.1 Verification of Models – Modal Check
Tables 19 and 20 below verify the consistency between the modes of each model.
Table 19: Fixed-Base Models Modal Verification
Source: self-produced

Table 20: Base-Isolated Models Modal Verification
Source: self-produced
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Note that the modal mass participation ratios matched very closely between the
two models. Also, modal periods were within a 10.3% difference between the two
models. The difference between the fundamental periods of the ETABS and PERFORM3D models was due to the difference in lateral stiffness calculated by each program.
Figure EEE below shows the story displacements of the ETABs and PERFORM-3D
fixed-base models in the special moment frame (SMF) direction, based on loading
obtained by the equivalent lateral force procedure as described in ASCE 7-10. These
story displacements were used to verify the fundamental period of each model by hand.27

Figure EEE: ETABS vs. PERFORM-3D Model Verification: Fixed-Base Drifts
Source: self-produced

27

Refer to Appendix O on page 204 for documentation of fundamental period check calculations
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Note that PERFORM-3D calculated smaller lateral displacement values than
ETABS for the same load case, which implied that PERFORM-3D analyzed the
structures with a methodology that resulted in stiffer stiffness matrices than ETABS.
5.5.2 Verification of Models – Drift Check
The drift results from the ETABS modal response spectrum analysis and average
response values from the nonlinear time history analysis were obtained and compared.
As shown in Figure FFF below depicting drifts in the SMF/x-direction, the results closely
correlated, which verified consistency between the ETABS and PERFORM-3D models.

Figure FFF: ETABS vs. PERFORM-3D Model Verification: Drifts
Source: self-produced
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5.5.3 Verification of Models – Isolator Uplift Check
The base-isolated PEFORM-3D model was checked for isolation bearing uplift.
It was found that no uplift occurred in any of the bearings during any of the seismic
ground motions. Also, the minimum and maximum forces occurring in each bearing
during the DBE-182 (El Centro) ground motion was recorded and compared for both the
base-isolated ETABS and PERFORM-3D models. Figures GGG and HHH below
illustrate the similar values and consistency between the two models for the DBE-182
ground motion.

Figure GGG: Isolator Uplift Check (DBE-182: PERFORM-3D)
Source: self-produced
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Figure HHH: Isolator Uplift Check (DBE-182: ETABS)
Source: self-produced

5.5.4 Verification of Models – Equivalent Damping Check
The fixed-base model was assigned a modal damping value equal to the effective
damping of the isolation system (22%) in order to verify that the resulting floor
accelerations and interstory drift values were within a close range to the base-isolated
model. The results of each ground motion’s interstory drifts and floor accelerations in
the special moment frame direction are shown in Figures III and JJJ on pages 110 and
111, respectively. As can be seen by both figures, the base-isolated and 22% damped
fixed-base response values correlated with each other fairly well, especially towards the
upper half of the structure where the different base conditions had less of an effect on the
response.
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Figure III: ETABS vs. PERFORM-3D Model Verification: Damped Drifts
Source: self-produced
The base condition caused the greatest disparity between the two models’
acceleration response values near the base, as shown in Figure JJJ. This disparity was to
be expected since assigning additional modal damping to the fixed-base structure should
have had no effect on these acceleration values at the base, and the ground motion
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acceleration records of the same intensity were applied for all conditions. However, the
upper-half of the damped and isolated structures’ response values matched closely and
confirmed the correlation between the models.

Figure JJJ: ETABS vs. PERFORM-3D Model Verification:
Damped Accelerations
Source: self-produced
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6.0 PERFORMANCE ASSESSMENT PHASE
In the performance assessment phase, the floor accelerations and interstory drifts
obtained from the nonlinear time history analyses in the analysis phase were used to
assess the seismic performance of the structures via fragility curves and FEMA P-58
methodology. The accompanying FEMA P-58 calculation tool, PACT, was used to
compute probable damage costs for each base condition and seismic demand level, and
the results were compared.
6.1 Performance Assessment Phase Procedure
An overview of the performance assessment phase procedure is shown below:
1. Enter building data and seismic response values into PACT, including


Quantity and types of components in the office buildings via the PACT
component quantification tool



Total value of each building



Fragility curves of the components



Floor accelerations and interstory drifts for each ground motion

2. Perform seismic performance assessment using PACT, and generate probable
damage costs
3. Compare seismic performance and probable damage costs for each base condition
and seismic demand level
4. Perform cost-benefit analysis for implementing base isolation in the office
building
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6.2 FEMA P-58 Methodology
The purpose of the Applied Technology Council’s report “Seismic Performance
Assessment of Buildings” (prepared for the Federal Emergency Management Agency
(FEMA) in September 2012) was to establish a standardized methodology for
determining the seismic damage that a given building and its components would be
expected to experience during a given seismic event, as well as the correlated damage
costs. These performance levels and damage costs are determined primarily through the
use of fragility curves, which are functions relating statistical probabilities of surpassing
component damage states for given demand levels. An alternate and more simplistic way
to view fragility curves is as a damage ratio of a component; i.e. a gauge of how much a
component is damaged for a given demand level. Costs of replacement or repair are
assigned to each damage state for each component, and the types and quantities of
components (along with their fragility curves) typical for a given building type are
determined. With the floor accelerations and interstory drifts being known, the probable
damage states of the components and their correlating probable damage costs can be
computed, thereby allowing total probable damage costs of a building to be computed for
given seismic demand levels.
6.3 PACT
PACT is the performance assessment calculation tool provided by FEMA P-58.
This section illustrates how the program was used for this study.
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6.3.1 PACT – Input of Building Information
The first step in PACT was to enter the basic information of the office building
into the program. This data included the region cost multiplier and date cost multiplier,
which linearly scaled the damage cost results based on ratios of how much the results
vary from Northern California region and 2011 date values, respectively (FEMA P-58
2012). Since this was a comparative study and since the project’s region (Southern
California) was expected to yield cost values similar to the Northern California region,
the region cost multiplier was taken as 1. The project was analyzed to be concurrent with
the time of this study (early 2013), so an inflation rate of 3% was calculated based on the
Consumer Price Index data provided by the U.S. Department of Labor and Bureau of
Labor Statistics (BLS 2013). Based on this calculation, a date cost multiplier of 1.03 was
used for this study.
A random seed value was chosen, which ensured that the same values for the
performance assessment results were obtained each time the same analysis was executed,
even though the results were based on random probability of the damage occurring for
the given input. The results varied for each seed value, although they were still
comparatively close. The particular seed value was arbitrary as long as it was a number
greater than zero (which would have caused different results to be obtained each time the
analysis was performed). The program’s default value of 5 was therefore chosen for this
study (FEMA P-58 2012).
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Next, the office building’s basic information was entered into PACT, as shown in
Figure KKK below.

Figure KKK: PACT Building Information
Source: PACT 2012
All 12 floors and the roof along with their story heights and areas were input, as
illustrated in the Figure KKK above. The Total Replacement Cost was estimated to be
$51 million ($162 per square foot), equal to the total construction cost of a similar office
building built in Los Angeles in 2001 for $39 million and taking into account adjustments
for inflation (KPFF 2006). The Core and Shell Replacement cost was given as 40% of
the Total Replacement Cost, which was the percentage used in example problems of
office buildings in the PACT implementation guide (FEMA P-58 2012). This cost ratio
translated into a core and shell replacement cost of $20 million ($65 per square foot).
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The Height Factor linearly scales damage costs to take into account the increase in cost
required to repair building components on upper levels, due to added travel time,
scaffolding, etc. (FEMA P-58 2012). The Height Factors recommended in the PACT
implementation guide, shown in Table 21 below, were used for this study.
Table 21: PACT Height Factor Premium Values for Building Level
Source: FEMA P-58 2012

The Hazmat Factor linearly scales damage costs in accordance with premiums for
hazardous materials in the building. Since no hazardous materials were assumed to be
located in the building, the default value of 1 was selected for the Hazmat Factor. The
Occupancy Factor linearly scales cost results according to the premium associated with
repairing buildings of particular occupancy types during their typical operations. For low
to moderate level earthquakes, the default values for this occupied condition are
recommended by the PACT implementation guide (FEMA P-58 2012). For this study, a
value of 1.2 was selected for an occupied office building, based on the values given in
Table 22 on page 117.
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Table 22: PACT Occupancy Factors
Source: FEMA P-58 2012
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6.3.2 PACT – Selecting and Quantifying Components
The PACT component quantification tool was used to determine the types and
quantities of components within the office buildings. The tool populates each building
with components based on pre-determined population densities of the components for
each occupancy category, as shown in Table 23 below.
Table 23: Building Occupancy Component Matrix
Source: FEMA P-58 2012

Seismic Performance Comparison of a Fixed-Base versus a Base-Isolated Office Building

6.0 PERFORMANCE ASSESSMENT PHASE 119
By entering the area of each floor and the percentage of floor area each occupancy
category is assigned to, the given population densities of the components for each
occupancy category may be combined to quantify the total number of components likely
to be on each floor and the building as a whole.
Once the components were selected and quantified, their fragility curves were
assigned for each damage state. The majority of components used for this study had
fragility curves that were already defined in PACT. Examples of a typical component’s
fragility curves are shown in Figure LLL below.

Figure LLL: Typical Component Fragility Curve Damage States
Source: PACT 2012
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Figure LLL shows the fragility curves for the damage states of the “C1011.001c”
component, which is a full-height partition wall. The x-axis defines the story drift ratio
(in radians). The y-axis gives the probability at each story drift ratio that the component
will be damaged to the defined damage state. By default, PACT uses the story drift
values corresponding to a 50% (0.5) probability of the component being damaged to each
damage state for its seismic performance analyses. Note that the first damage state of the
partition wall, defined by the green line, is defined by screws popping out and minor
cracking. As the story drift is increased, the second damage state is reached, defined by
the yellow line. This damage state is defined by moderate cracking and crushing of the
gypsum wall boards. Finally, as the story drifts are further increased, the third damage
state is reached. This damage state is defined by significant cracking or crushing of the
gypsum wall boards.
Each damage state is defined by a median story drift ratio (which corresponds to a
50% probability of the damage level occurring) and a dispersion factor. This relationship
is lognormal (FEMA P-58 2012). The dispersion factor determines the spread/variance
in story drift ratio from the mean probability to the lesser and greater probabilities
(between 0% and 100%). Note that each successive damage state has a larger median
story drift ratio at which the damage state is reached.
Once the fragility curves of the components were defined, the directional
information of the components was entered into PACT, as shown in Table 24 on page
121.
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Table 24: PACT Component Fragilities
Source: PACT 2012
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Table 24 illustrates the direction in which each component was applied. Most of the
components were applied in both directions. However, some of the structural
components were applied only in their respective directions, including the special
concentrically braced frames in Direction 2 (y-direction) and the special moment frames
in Direction 1 (x-direction). All the components were assigned a “Commercial Office”
population model. Table 24 also illustrates how each component was divided into
categories for general use and sub-categories for each different type of component.
Figures MMM, NNN, and OOO on pages 123 and 124 show how the components
were sorted into structural performance groups. The performance groups were created
for each story level and each direction (Direction 1, Direction 2, and Non-Directional).
Here the component quantities and quantity dispersions (found earlier with the
component quantification tool) were entered, along with their population model
(commercial office building) and demand parameter (story drift ratio or acceleration).
The quantity dispersions accounted for the degree of uncertainty of the quantities of each
component. The components were selected as being correlated, which determined a
single damage state for each member type in each performance group and applied the
damage states to all the members of the same type. This strategy saved computation time
and reduced variability among the individual members of the groups while having
negligible effects on the mean results of the analyses (FEMA P-58 2012).
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6.3.3 PACT – Analysis Settings and Input of Demand Values
Among the assessment types available in PACT, an “Intensity-Based” analysis
was chosen for this study. This assessment type evaluates a building’s response to
seismic earthquake intensities, i.e. ground motions scaled to 5% damped response
spectrums, as was done in the analysis phase of this study. The “Intensity-Based”
assessment differs from the “Scenario-Based” assessment in that the building’s proximity
to an actual seismic fault does not need to be taken into account (FEMA P-58 2012). In
accordance with the required data needed to perform the analyses, the floor accelerations
and interstory drifts found in PERFORM-3D for each seismic event were entered into
PACT. An example of how the story drifts were entered in PACT is shown in Figure
PPP below. The floor accelerations were input in a similar manner.

Figure PPP: PACT DBE Fixed-Base Story Drift Ratio Input (Direction 1)
Source: PACT 2012
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As illustrated in Figure PPP, the nonlinear analysis option was selected in lieu of
the simplified (linear) analysis option, which was only recommended when peak drifts
were expected to be less than 4 times the drifts at which yield of the structural members
were reached (FEMA P-58 2012). This option caused the analysis results to be more
accurate. As described in the nonlinear time history analysis procedure, 7 time histories
were analyzed, so the same number of demand vectors was input into PACT. For this
study, the program default value of 200 realizations was used. PACT used the Monte
Carlo process (repeated random sampling) for determining the probability of incurring
processes, and 200 realizations were found to be sufficient to allow the probability
distribution to be accurate and not change significantly each time the analyses were run
(FEMA P-58 2012). A higher number of realizations could have been used if casualties
and unsafe placards were also considered in the analysis; however, this option would
have also increased computation time (FEMA P-58 2012).
The non-directional conversion factor determined the non-directional response
values by multiplying the maximum response values in either direction by the factor.
The default value of 1.2 was chosen, since it was deemed to be appropriate for most
structures (FEMA P-58 2012). A modeling dispersion factor (βm) of 0.141 was used for
this study. This value was derived from the variables βc and βq, which were each selected
as 0.10 due to the high quality of construction practice, drawings, and modeling quality
as shown in Tables 25 and 26 on page 127.
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Table 25: PACT Default Descriptions and Values for βc
Source: FEMA P-58 2012

Table 26: PACT Default Descriptions and Values for βq
Source: FEMA P-58 2012
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The equation used to calculate βm is shown below:
Eq. 11
Where:

= Modeling Dispersion Factor
= Definition and Construction Quality Assurance Factor
= Model Quality and Completeness Factor

Features that are available in PACT but weren’t used for this study include a
hazard curve, which is only used in a time-based assessment where the probability of
seismic demand levels occurring within a period of time is considered. Also, collapse
fragility functions (which assess casualties) and residual drift functions (which gauge a
building’s ability to be repaired) were not used in the study for simplicity and because the
primary purpose of the performance assessment phase was to determine and compare
only the damage costs (FEMA P-58 2012).
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7.0 RESULTS
This section discusses the results obtained from the analysis phase and
performance assessment phase, including floor accelerations, interstory drifts, structural
seismic performance levels, structural and nonstructural damage costs, proportions of the
damage costs assigned to each component, and total cost savings.
7.1 Analysis Phase Results
The figures in this section illustrate the results obtained from the analysis phase.
As can be seen by the results in Figures QQQ-XXX on pages 130-137, implementing
base isolation reduced the response of the fixed-base structure by roughly half for nearly
all response parameters, directions, and ground motion records. The fixed-base response
is shown in blue and the base-isolated response is shown in red in each figure.
The implementation of base isolation was slightly more effective for reducing
floor accelerations than for reducing interstory drifts. The interstory drifts in the
direction of the braced frames were the most consistent parameters for all ground motions
and buildings, due to the greater lateral stiffness of the braces compared to the moment
frames. Similar response values were obtained for all 7 ground motions in each series,
and the maximum considered earthquake (MCE) seismic demand level response values
were greater than those at the design basis earthquake (DBE) seismic demand level by a
ratio of 3:2, as was expected.
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Figure QQQ: DBE SMF-Direction Maximum Floor Accelerations
Source: self-produced
Figure QQQ above illustrates the results for the DBE level floor accelerations in
the x-direction (special moment frame direction). Out of all the ground motions, a
maximum acceleration of 0.55 g was reached at the roof of the fixed-base structure, while
the base-isolated structure had a maximum value of only 0.29 g.
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Figure RRR: DBE SMF-Direction Maximum Interstory Drifts
Source: self-produced
Figure RRR above illustrates the results for the DBE level interstory drifts in the
x-direction (special moment frame direction). Out of all the ground motions, a maximum
interstory drift of 0.025 was reached at the lower half of the fixed-base structure, while
the base-isolated structure had a maximum value of only 0.010.
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Figure SSS: DBE SCBF-Direction Maximum Floor Accelerations
Source: self-produced
Figure SSS above illustrates the results for the DBE level floor accelerations in
the y-direction (special concentrically braced frame direction). Out of all the ground
motions, a maximum floor acceleration value of 0.67 g was reached at the roof of the
fixed-base structure, while the base-isolated structure had a maximum value of 0.24 g.
Seismic Performance Comparison of a Fixed-Base versus a Base-Isolated Office Building

7.0 RESULTS 133

Figure TTT: DBE SCBF-Direction Maximum Interstory Drifts
Source: self-produced
Figure TTT above illustrates the results for the DBE level interstory drifts in the
y-direction (special concentrically braced frame direction). Out of all the ground
motions, a maximum interstory drift of 0.012 was reached at the upper half of the fixedbase structure, while the base-isolated structure had a maximum value of only 0.006.
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Figure UUU: MCE SMF-Direction Maximum Floor Accelerations
Source: self-produced
Figure UUU above illustrates the results for the MCE level floor accelerations in
the x-direction (special moment frame direction). Out of all the ground motions, a
maximum acceleration of 0.80 g was reached at the roof of the fixed-base structure, while
the base-isolated structure had a maximum value of only 0.40 g.
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Figure VVV: MCE SMF-Direction Maximum Interstory Drifts
Source: self-produced
Figure VVV above illustrates the results for the MCE level interstory drifts in the
x-direction (special moment frame direction). Out of all the ground motions, a maximum
interstory drift of 0.036 was reached at the lower half of the fixed-base structure, while
the base-isolated structure had a maximum value of only 0.020.
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Figure WWW: MCE SCBF-Direction Maximum Floor Accelerations
Source: self-produced
Figure WWW above illustrates the results for the MCE level floor accelerations in
the y-direction (SCBF direction). Out of all the ground motions, a maximum floor
acceleration value of 0.90 g was reached at the lower half of the fixed-base structure,
while the base-isolated structure had a maximum value of only 0.28 g.
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Figure XXX: MCE SCBF-Direction Maximum Interstory Drifts
Source: self-produced
Figure XXX above illustrates the results for the MCE level interstory drifts in the
y-direction (SCBF direction). Out of all the ground motions, a maximum interstory drift
of 0.018 was reached at the upper half of the fixed-base structure, while the base-isolated
structure had a maximum value of only 0.011.
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In addition to finding the floor accelerations and interstory drifts for each ground
motion, plastic hinge deformations were also obtained in PERFORM-3D. These plastic
hinge rotations were categorized into structural performance levels, including Immediate
Occupancy (IO), Life Safety (LS), and Collapse Prevention (CP), as explained in section
“5.3.2 Guidelines for Analyzing Plastic Deformation.” These structural performance
levels gauged the degree to which implementing base isolation technology ameliorated or
prevented damage to the office building at DBE and MCE seismic intensities. The
structural performance results are shown in Table 27 and Table 28 on pages 139 and 140.
The literature in ASCE 7 intends to design typical fixed-base structures to LS
structural performance levels. As illustrated in the “Fixed-Base: DBE” section of Table
27, the office building reached the LS performance level for all ground motions, as
expected. Table 28 shows that at the MCE seismic level, the office building reached LS
in its beams and columns for all the ground motions and reached CP in its columns for 2
out of the 7 ground motions. This increase in deformation from DBE to MCE seismicity
was expected. By implementing base isolation technology in the office building, seismic
performance levels sustained operational standards (below IO) for the majority of the
DBE ground motions and only reached IO in columns for 3 out of the 7 DBE ground
motions. At MCE seismicity, the implementation of base isolation caused the office
building to be improved to a mixture of LS, IO, and operational levels for the various
ground motions. Therefore, the structure achieved performance levels that were expected
for all analyses.
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Table 27: DBE Nonlinear Time History Structural Performance Level Results
Source: self-produced

From Table 27 above, one could also predict that under a service level event
(SLE, which is likely to occur within a 50-year period), the base-isolated structure would
remain fully elastic and have an operational structural performance level. Conversely,
the fixed-base structure would likely incur structural deformations to the IO structural
performance level under SLE seismicity.
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Table 28: MCE Nonlinear Time History Structural Performance Level Results
Source: self-produced

One reason why the base-isolated structure had greater variability in its structural
performance levels at MCE, as illustrated in Table 28, is due to the use of a bilinear
model for the Triple Friction Pendulum (TFP) isolation bearings in lieu of a tri-linear
model. The bilinear model was used because the tri-linear model was not available in
both ETABS and PERFORM-3D. The tri-linear behavior of TFP bearings allows for
optimal seismic performance at all levels of seismicity, which was explained in section
“2.3 Triple Friction Pendulum (TFP) Bearings” of this thesis. Since the tri-linear model
was not used, its optimal behavior at MCE was not able to be included in this study.
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7.2 Performance Assessment Phase Results
The performance assessment phase predicted the damage costs shown in Figures
YYY-BBBB on pages 141-144. Figure YYY illustrates the probability of the fixed-base
office building incurring damage costs for DBE level seismic events. The x-axis shows
the damage costs in thousands of dollars and the y-axis gives the probability of repair
costs not surpassing the given damage costs. Accordingly, the fixed-base office building
had a 50% probability (which was used for all buildings and seismic demand levels) of
incurring $15.77 million in damage costs when subjected to DBE level seismic events.

Figure YYY: PACT Damage Cost Results – DBE Fixed-Base
Source: PACT 2012
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Figure ZZZ, shown below, gives the probability of damage costs being incurred
for the base-isolated office building subjected to DBE level seismic demands. This
relationship resulted in the base-isolated building having a 50% probability of incurring
$3.80 million in damage costs when subjected to DBE level seismic events. Base
isolation therefore reduced DBE level damage costs by $11.97 million, equal to a 76%
reduction in damage costs.

Figure ZZZ: PACT Damage Cost Results – DBE Base-Isolated
Source: PACT 2012
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When subjected to MCE level seismic events, the fixed-base office building had a
50% probability of incurring $23.27 million in damage costs, as shown in Figure AAAA
below.

Figure AAAA: PACT Damage Cost Results – MCE Fixed-Base
Source: PACT 2012
Implementing base isolation in the office building caused a 50% probability of
incurring only $6.96 million for MCE level seismic demands, as shown in Figure BBBB
on page 144. Base isolation therefore reduced damage costs by $16.31 million at MCE,
equal to a 70% reduction in damage costs.
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Figure BBBB: PACT Damage Cost Results – MCE Base-Isolated
Source: PACT 2012
The damage cost results for each building and seismic demand level are summarized in
the Table 29 below.

Table 29: PACT Damage Cost Results
Source: self-produced

Figures CCCC and DDDD on page 145 show the proportion of damage costs
attributed to each building component type (for DBE level and MCE level events).
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Note that most of the damage occurred in the Fixed Partitions and Furniture &
Accessories component groups (which included workstations and desktop electronics).
These groups incurred the majority of total component damage costs for nearly all
analyses (for both the fixed-base and base-isolated models at DBE and MCE levels).
Also, much fewer components were damaged in the base-isolated models than the fixedbase models, and those components that were damaged had much smaller damage costs.
Base isolation significantly reduced the amount that components in the Furniture &

Figure CCCC: PACT Performance Group Results – DBE
Source: self-produced

Figure DDDD: PACT Performance Group Results – MCE
Source: self-produced
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The damage costs for the fixed-base and base-isolated office buildings are
compared for DBE level events in Figure CCCC, and MCE levels events in Figure
DDDD. The MCE level seismic demands damaged the same component groups that
were damaged in the DBE level events, but to a further extent. For MCE level events,
there was also additional damage to the Recessed Ceiling Lights component group for the
fixed-base office building, and no damage to this component group for the base-isolated
building. Base isolation was most effective at reducing damage costs for the Furniture &
Accessories component group for both the DBE level and MCE level events. The Fixed
Partitions were the biggest contributor to damage costs for the base-isolated buildings at
both DBE and MCE seismic demand levels.

Seismic Performance Comparison of a Fixed-Base versus a Base-Isolated Office Building

7.0 RESULTS 147
7.3 Total Cost-Benefit Analysis of Base Isolation
The cost of implementing base isolation on a project is typically 10% of the total
construction cost (KPFF 2012). This proportion takes into account not only the cost of
the isolation bearings, but all of the other upfront costs of the isolation system as well,
including the costs of the moat, isolation platform, and flexible conduit. By using the
proportional cost of the base isolation system and the estimated total construction cost for
the office building in this study, the following calculations were performed, and the
results were summarized in Table 30 below.


Total Construction Cost = $51 Million ($162 per Square Foot)28



10% Base Isolation Cost = $5.10 Million
Table 30: Total Damage Cost Savings Results
Source: self-produced

As shown in Table 30 above, the implementation of base isolation technology
would likely achieve between $6.87 million to $11.21 million in total savings for the 12story steel office building, depending on the intensity of the seismic demand. For a
service level event (SLE, which typically has a return period within 50 years), seismic
damage would likely be minimal to non-existent for the base-isolated structure, with
corresponding minimal to non-existent damage costs. For the fixed-based structure, an
event with SLE seismicity could result in moderate damage to the fixed partitions,
28

Refer to section 6.3.1 on page 114 for calculations of the total construction cost
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workstations, or desktop electronics. The related total damage costs could range between
$1-$4 million dollars, which is comparable to the damage costs for the base-isolated
office building during a DBE event.
Another cost of the isolation system to take into consideration besides the upfront
construction cost is the cost of maintaining the system. Compared to other isolation
systems, Triple Friction Pendulum bearings require relatively low maintenance, due to
the coated Teflon on the stainless steel sliding surface protecting the surface from
corrosion, and aging and temperature effects having minimal impact on the bearing’s
mechanical properties (Cheng et al. 2008). Maintenance costs for the isolation system
were therefore not considered for this study.
Since this thesis involved a comparative study, the same lateral systems (special
moment frames and special concentrically braced frames) were used for both the fixedbase and base-isolated structures. However, in base-isolated structures, it is more
common to use the less expensive ordinary moment frames (OMF) and ordinary
concentrically braced frames (OCBF) due to the isolated superstructure’s expectation to
remain essentially elastic. Therefore, for the majority of base-isolated projects, the cost of
the isolation system is offset partially by using less expensive lateral force resisting
systems. These potential savings in construction cost would increase the cost
effectiveness of using base isolation technology. However, these savings were not
accounted for in this study.
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8.0 CONCLUSIONS
This section summarizes the conclusions that were reached as a result of this
study.
8.1 Benefits of Base Isolation
The benefits of implementing base isolation in the 12-story steel office building
were clearly shown by the results of this study, including


Reduction of floor accelerations and interstory drifts by more than half



Improvement of structural seismic performance levels
o Change from Life Safety (LS) to no or very small plastic deformations
(Immediate Occupancy, IO) at design basis earthquake (DBE) seismicity
o Change from Collapse Prevention (CP) to small or moderate plastic
deformations (IO/LS) at maximum considered earthquake (MCE)
seismicity



Savings in damage costs
o $11.97 million at DBE
o $16.31 million at MCE



Total savings after taking into account the 10% isolation system cost
o $6.87 million at DBE
o $11.21 million at MCE
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This study demonstrated that base isolation is effective at significantly mitigating
and in some cases preventing seismic damage to a 12-story steel office building,
including its structural and non-structural components. To a greater extent, the results of
this study provide evidence that tall, flexible, and non-critical structures are viable
candidates for being implemented with base isolation technology. DBE and MCE events
have probable return periods of 475 and 2475 years, so they are not guaranteed to occur
during a building’s lifespan. However, if a DBE or MCE event did occur during the
lifespan of the office building in this study, the results described in this thesis show that
the total savings in damage costs would be millions of dollars greater in value than the
cost of the isolation system.
It is worthwhile to note that modifying or redesigning the superstructure members
(from the original fixed-base structure) was not needed to meet the higher performance
criteria for the base-isolated structure. Since the structural members of the base-isolated
structure were the same as those used in the fixed-base structure, this study can also be
used to gauge the performance enhancements of retrofitting an existing 12-story steel
office building with Triple Friction Pendulum (TFP) base isolation bearings. Also, the
savings in damage costs reported in this thesis are underestimated due to the number of
building components and fragility curves available in PACT at the time of this study
being less than the number likely existing for an actual office building.
For a service level event (SLE), the implementation of base isolation would likely
minimize or negate seismic damage and related damage costs of the office building,
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leaving the structure at a fully operational structural performance level. Conversely, if
the fixed-base office building were subjected to SLE seismicity it could incur structural
deformations to the Immediate Occupancy structural performance level and have damage
costs ranging between roughly $1 million to $4 million. These values may be estimated
based on the expected performance of the base-isolated structure when subjected to DBE
seismicity.
8.2 Lessons Learned from Study
Besides the results that were intended to be investigated in this study, there were
also many beneficial lessons that were learned, which are summarized below:


Lowering the coefficients of friction of the TFP bearings is the most effective way
to improve seismic performance (i.e. reduce the superstructure’s response values,
including floor accelerations and interstory drifts) when implementing base
isolation in a tall, flexible building.



Using TFP bearings with larger radii of curvature (R) leads to a more flexible
(smaller lateral stiffness) isolation system and improves seismic performance,
although larger bearing sizes are also more expensive.



Most of the seismic damage occurred in the interior partitions and accessories
(including workstations and desktop electronics). They were among the most
fragile components in the building and had the largest impact on cost.



The bearing displacements of the base-isolated structure were sensitive to
damping during the nonlinear time history analyses. Therefore, it is important to
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use good judgment when assigning damping values in models of base-isolated
structures. Since base-isolated structures allow the superstructure to remain
essentially elastic, it is wise to use a smaller modal damping ratio for an isolated
structure than the ratio used for a fixed-base structure (i.e., use 1% in lieu of 3%).


When modeling base isolation systems, remember to assign rotationally rigid
restraints to the isolation platform, which lies directly above the isolation
bearings. The isolation platform must be designed and modeled to resist the large
bending moments induced by the bearings during seismic events. Since isolation
platforms are typically assigned as rigid diaphragms, and rigid diaphragms are
often modeled with only translational restraints, it is easy to forget to include the
rotationally rigid restraints for the isolation platform.



The isolation platform should be designed to prevent uplift of the isolation
bearings during a seismic event, especially since uplift of the bearings is more
likely to occur for tall and flexible buildings. The use of a concrete mat was
effective for preventing uplift of the 12-story steel office building in this study.
Uplift of isolation bearings is more prone to occur at bearings located along
braced frames than bearings located along moment frames, due to the larger
aspect ratios (height-to-width) of braced frames.



In order to reduce the prevalence of torsion in the structure’s base-isolated modes,
it was effective to design the outer base isolation bearings that run along the
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perimeter of the structure to have a lateral stiffness that was roughly a third
greater in value than the lateral stiffness of the inner bearings.


The nonlinear time history analyses that were performed on the 12-story steel
office building resulted in an average maximum bearing displacement of 32
inches for the MCE series of ground motions when using the lower-bound lateral
stiffness properties of the isolation system. Therefore, it was important to use
bearings with large enough diameters to accommodate this displacement, as well
as design the isolation system to have a 3-foot moat that took into account
additional displacements due to the effects of torsion. Since the building was
analyzed for an assumed San Diego location, the building would likely require a
wider moat and possibly a larger bearing diameter size if it were designed in a
location with greater seismicity, such as Los Angeles.



It was more advantageous to use TFP bearings instead of lead-rubber bearings on
this project, partly because TFP bearings allow the structure’s center of gravity
and center of mass to naturally align, since the lateral stiffness of TFP bearings
depends on the vertical force acting on each bearing. Also, TFP bearings allow
base-isolated structures to have a better seismic performance at SLE than leadrubber bearings. The difference in seismic performance at SLE is due to the
smaller lateral forces that are typically required to activate TFP bearings (initiate
sliding), which cause the TFP bearings to exert relatively less force on the
superstructure. The tri-linear behavior and sequential activation of TFP bearings
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allow for the isolation system to behave in an optimal manner at DBE and MCE
levels as well, although a bilinear model of the TFP bearings was used for this
study since a tri-linear model was not available in both ETABS and PERFORM3D. At DBE level bearing displacements, the lateral stiffness of a TFP bearing
isolation system is decreased in order to reduce seismic forces exerted on the
superstructure; and then at MCE level displacements, the lateral stiffness of the
system can be increased in order to reduce excessive displacements.
8.3 Suggestions for Future Research
The following are suggestions for areas related to this study that can be improved
upon or explored in more detail in future studies:


Investigate how to properly model the tri-linear behavior of TFP bearings in
programs such as PERFORM-3D. This proper modeling technique would allow
the increased lateral stiffness of the bearings that is activated at MCE level
displacements to be accounted for, thereby permitting the related improvement in
the superstructure’s seismic performance at MCE.



Determine the additional cost savings that may be obtained with a more complete
list of building components and fragility curves



Perform similar studies for different
o building types
o lateral systems
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o seismic demands/locations
o isolation systems


Perform a similar study that includes the effects of vertical ground motions



Include occupant population models, collapse fragility functions, casualties,
hazard curves, residual drift functions, and building down-time for more in-depth
analyses within the performance assessment phase



Perform studies that determine the cost-effectiveness of implementing base
isolation on a tall, flexible and non-critical structure for various levels of SLE
seismicity. From these studies, find the SLE probable return period at which the
break-even point would be reached for the cost of the isolation system and the
reduction in the structure’s damage costs that would result from implementing the
base isolation system.
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